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ABSTRACT 
Synthesis and design of nanocrystalline metal oxides for applications in 
carbon nanotube growth and antioxidants 
by 
Seung Soo Lee 
Synthesis of size tunable nanomaterials creates distinct chemo-physical 
properties. Recently, the popularity of magnetic iron oxide and cerium oxide (CeO2) 
nanocrystals enables researchers to use magnetic iron oxides (magnetite and 
ferrites) in size dependent magnetic separation and CeO2 as an automobile exhaust 
gas catalyst. This research shows production of diameter-controlled monodisperse 
magnetic iron oxide (ranging from 3 to 40 nm in diameter) and CeO2 (from 3 to 10 
nm in diameter) nanocrystals with exceptional narrow diameter distribution 
(σ<10%). The morphology and composition of the nanocrystals were varied by use 
of diverse metal precursors, reaction temperature, time, cosurfactants, and molar 
ratio between metal salt and surfactant. Now the narrow diameter distributions of 
preformed magnetic iron oxide nanocrystals made it possible to grow diameter 
controlled uniform CNTs. The correlation between aluminum ferrite nanocrystal 
diameter and CNT diameter was nearly one. Additionally, we could synthesize the 
highest percentage (60%) of single walled CNTs from the smallest aluminum ferrite 
nanocrystals (4.0 nm). Because of the synthesis of uniform nanocrystalline CeO2, we 
could study diameter dependent antioxidant properties of nanocrystalline CeO2; 
antioxidant capacity of CeO2 was nine times higher than a known commercial 
 
 
standard antioxidant, Trolox. In addition, the smallest CeO2 nanocrystal (4 nm) 
decreased the oxidative stress of human dermal fibroblasts (HDF) exposed to 
hydrogen peroxide. These works suggest better understanding of monodisperse 
nanocrystal synthetic mechanism and potential uses of the materials, such as high 
quality CNT growth using magnetic iron oxides as precursor catalysts and the 
reduction of oxidative stress in cells using monodisperse CeO2 nanocrystal as an 
antioxidant for reactive oxygen species in biological media.   
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Chapter 1 
Nanocrystalline metal oxides: 
syntheses and applications 
1.1. Introduction 
Nanotechnology is the study and application using materials with the size under 100 
nm. These materials, nanocrystals, create extinct chemical and physical properties and 
make various biological and industrial applications available.  For example, colloidal iron 
oxide can be useful as a contrast agent, drug delivery, and cancer diagnosis.
1
 In addition, 
one of the popular rear earth metal oxides, cerium oxide, has the potential to be used as 
an automobile exhaust gas catalyst.
2
  
Recently, the popularity of nanocrystals enables researchers to apply those materials 
to unexplored areas, reporting mass production of carbon nanotubes using iron oxide 
nanocrystals and the advantage of cerium oxide as a potential antioxidant. Monodisperse 
nanocrystals in large scale should be prepared with controllable size and shape to 
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understand the role of nanomaterials in these types of applications. In addition, surface 
modification, and toxicological evaluation for biological applications are still challenging 
points. 
In this review, I provide a brief overview of monodisperse metal oxide (iron oxide 
and cerium oxide) nanocrystal synthesis and the applications using preformed metal 
oxide nanocrystals (carbon nanotube (CNT) growth using iron oxide nanocrystals as 
precursor catalysts and a biological application using cerium oxide nanocrystal as an 
antioxidant).  
1.2. Nanocrystal growth mechanism 
Metal oxide nanocrystals formed by non-hydrolytic route (organic method) have high 
crystalline, uniform size, and narrow diameter distribution. Monodisperse metal oxide 
nanocrystals are formed by decomposition of metal precursors in the presence of surface 
stabilizers (surfactants) and a high boiling point solvent.2c, 3 After the reaction, 
nanocrystals covered by surfactants are colloidally stable in various non-polar organic 
solvents, such as toluene, methylene chloride, and hexane. 3a   
Formation mechanism of metal oxide nanocrystals undergoes nucleation and growth 
process. In LaMer model, starting reactants form monomers prior to nucleation process. 
4
 
As reaction goes on at elevating temperatures, concentration of monomers reaches 
supersaturation level and nucleation process starts forming nuclei by consuming 
monomers. The decrease in monomer concentration (under the critical level) leads to 
growth process; already formed nuclei start growing larger until the monomer 
 3 
 
concentration is reduced to its equilibrium level. 4b  At this stage, size focusing occurs by 
stopping the reaction quickly before Ostwald ripening of nanocrystals begins.
5
  Monomer 
depletion gives rise to ripening of the nanocrystals. In this period, larger particles keep 
growing larger, and smaller particles get smaller.
6
 Therefore, fast nucleation and quick 
termination of the nanocrystal synthesis before monomer depletion level is a key for 
monodisperse nanocrystal synthesis. 
 
Figure 1.1 Crystal growth diagram.  
When the monomer concentration reaches a supersaturation, nucleation occurs and monomer is 
consumed to grow nuclei, which results in the decrease of monomer concentration. During these 
nucleation and growth stages, the control of growth parameters and crystalline phase is critical in 
determining the final size and shape of nanocrystals. Csat = saturation concentration, Cequiv. = 
equilibrium concentration.7 
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1.3. Monodisperse nanocrystal synthesis 
1.3.1. Iron oxide 
Iron oxide is a chemical compound made of iron and oxygen. There are largely three 
different types of iron oxide depending on the oxidation states of iron ions in the crystal 
structure such as, iron (II) oxide (FeO, wüstite), iron (II, III) oxide (Fe3O4, magnetite), 
and iron (III) oxide (Fe2O3, hematite or maghemite).8 When the size of iron oxide 
decreased from bulk to nano regime, chemo physical properties and magnetic properties 
of iron oxide are changed.
9
 For example, ferromagnetic bulk magnetite turns to 
superparamagnetic magnetite nanocrystals.
9b, c
 Nano scale iron oxide enables us to use 
these nanomaterials for biomedical applications including drug delivery,
10
 MRI contrast 
agents,
11
 and tumor hyperthermia
12
 due to their magnetic properties and biocompatibility 
with low toxicity. Nanocrystalline iron oxide is synthesized by various methods such as 
co-precipitation,
13
 microemulsion,
14
 and thermal decomposition.
2c, 3j
  Among them, 
thermal decomposition method forms monodisperse iron oxide nanocrystals by 
decomposition of metal precursors via non-hydrolytic route. The resulting nanocrystals 
are colloidally stable by capping the surface of nanomaterials with surface stabilizers 
(polymer or surfactant) to prevent particle-particle aggregation.
3a, 15
 
1.3.1.1. Synthesis of iron oxide nanocrystals 
To synthesize monodisperse iron oxide nanocrsytals, the starting iron precursor 
should be decomposed fully in nucleation and growth process. Therefore the reaction 
temperature in the nanocrystal synthesis is settled by the decomposition temperature of an 
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iron precursor. Rockenberger et al first reported a non-hydrolytic route using an 
organometallic compound as a precursor for nanocrystal synthesis in 1999.
16
 They 
reported that iron oxide nanocrystals (  -Fe2O3, d = 6.3 nm) were synthesized by 
decomposition of FeCup3 (iron N-nitrosophenylhydroxylamine) at over 200
 o
C.
16
 This 
motivated the application of other metal organic precursors to synthesize monodisperse 
iron oxide nanocrystals. For example, iron pentacarbonyl (at 300 
o
C), iron 
acetylacetonate (at 265 
o
C), iron oleate (at 320 
o
C), and iron chelated complexes (at 220 
o
C) were used as iron precursors for monodisperse iron oxide nanocrystal ( -Fe2O3 or 
Fe3O4) synthesis.
2c, 3d, 3g, 17
 Recently, this group demonstrated the synthesis of 
monodisperse iron oxide nanocrystal using the mixture of iron oxy-hydrate with oleic 
acid at 320 
o
C.
3j
  
The diameter of the nanocrystals was crucially manipulated via several systematic 
conditions, such as the ratios of surfactant to iron precursor, cosurfactant, seed mediated 
growth, growth temperature, and heating rate. Hyeon et al developed the systematic 
control over the diameter of iron oxide nanocrystals ranging from 4 to 22 nm in diameter; 
the higher ratio of a surfactant to an iron precursor forms larger diameter of the 
nanocrystals at 300 
o
C.
3d, 18
 Use of a higher reaction temperature than 300 
o
C also 
affected the increase in diameter of the nanocrystals in trioctylamine as a solvent at 360 
o
C.
2c
  On the other hand, the low temperature decomposition of iron precursor at 250 
o
C 
with fast heating rate (10 
o
C/min) in the presence of cosurfactant (both oleic acid and 
oleyl alchol) yielded the smallest nanocrystals having 1.5 nm in diameter. Fast nucleation 
of iron precursor at low temperature by adding cosurfactant led to smaller iron oxide 
nanocrystals.  
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Figure 1.2 TEM images of iron oxide nanocrystals. 
Iron oxide ( -Fe2O3) nanocrystals were synthesized by decomposition of iron oleate. (a-h) 
6,7,8,9,10,11,12, and 13 nm iron oxide nanocrystals.18 
In the classical LaMer mechanism, the number of tiny particle (nuclei) are formed via 
fast nucleation at high temperature and grow bigger nanocrystals by consuming 
monomers.
4a
 In this standard model, using preformed nanocrystals as seeds can replace 
nucleation and growing larger nanocrystals. Sun et al demonstrated seed mediated growth 
method (Sun’s method); with 4 nm iron oxide nanocrystals as seeds, larger nanocrystals 
of up to 20 nm in diameter were synthesized.
3g
 This method was further modified by 
controlling the period of heating at 220 
o
C (for 30 min or 1 h) and 300 
o
C (for 30 min or 
1h) to yield the nanocrystals up to 100 nm truncated octahedral nanoparticles.
19
 Heating 
rate is another parameter to control the diameter of iron oxide nanocrystals. Guardia P et 
al reported that slow heating rate (0.8 
o
C/min) grew the largest nanocrystals of 180 nm; 
iron oxide cube ranging from 45 to 180 nm in edge length was grown by the mixture of 
decanoic acid and dibenzyl ether at 200 
o
C for 1h.
1a
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Figure 1.3 TEM images of iron oxide nanocrystals. 
(a) 13 nm, (b) 45 nm, (c) 67 nm, and (d) 180 nm edge length iron oxide cubes, respectively.1a 
While the diameter of iron oxide nanocrystals was controlled (from 4 to 180 nm) 
from various experimental conditions via iron precursor decomposition method. In 
addition, the morphology of iron oxide nanocrystals also transformed with size from 
spherical to cube, truncated octahedral, or rod with broad diameter distribution. Different 
morphology of iron oxide may have an effect on both magnetic properties (such as 
paramagnetic and superparamagnetic) and crystal structure of the crystal (Fe, FeO, 
FeOOH, Fe2O3, and Fe3O4).
1a, 2c, 3g, 18-20
 To better understand size and phase (crystal 
structure) dependent magnetic properties of iron oxide nanocrystals, libraries of wide 
range of monodisperse iron oxide nanocrystals (without phase transformation) are still 
necessary.   
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1.3.2. Cerium oxide 
Cerium oxide (ceria, CeO2) is a rare earth metal oxide that has two different states, Ce 
(III) and Ce (IV), in a cubic fluorite structure. This mixed valence state is preceded by 
defects on the surface of cerium oxide particles where oxygen ions are stored, released 
and transported. The mixed oxidation state is catalytically important because of its redox 
reaction.
2a, 21
 It is important to maximize surface area by synthesizing particles in the 
nanoscale regime to maximize its catalytic properties. It was reported that nanocrystalline 
cerium oxide (nanoceria) has more oxygen vacancies on the surface and hence, an 
increase in catalytic activity with high surface area.
22
  This is related to the amount of 
Ce
3+
 on the surface of nanoceria because the oxygen atom is released from its lattice 
position leaving behind two electrons that localize on two cerium atoms, reducing Ce
4+
 to 
Ce
3+
.
23
 Qiu et al. reported that nanoscale cerium oxide has higher oxygen vacancies than 
microscale cerium oxide.
24
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Figure 1.4 Cubic fluorite structure of cerium oxide.  
(a) Semilog plot of the lattice parameter as a function of the particle size. (b) Log-log plot of the 
change in the lattice parameter vs particle size. (c) Cartoon diagram of bulk ceria crystal structure 
showing intact CaF2 structure. (d) Distorted crystal structure of nanoceria due to oxygen vacancy 
creation and replacement of Ce4+ ions by Ce3+ ions.25 
1.3.2.1. Synthesis of cerium oxide nanocrystals 
Nanocrystalline cerium oxide can be produced by aqueous methods, such as 
hydrothermal, inverse coprecipitation, microemulsion, microwave, and sonochemical 
method. Generally, cerium salts, such as cerium nitrate, cerium chloride, and 
ammonioum cerium nitrate, were dissolved in an aqueous solvent and the diameter, and 
shape were controlled by temperature, pressure, and pH. Zhou et al. reported that 10-15 
nm ceria nanocrystals were prepared using cerium nitrate (Ce(NO3)36H2O) and 
ammonium hydroxide in water at high temperature (about 1350 
o
C) through 
hydrothermal method.
26
 Also, the morphology of the nanocrystals (wire, tube, and 
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spherical shaped cerium oxide) could be controlled by temperature and pressure.
27
 
Microwave and sonochemical method resulted in 2 nm cerium oxide nanocrystals.
28
 
Although the aqueous method produced highly crystalline nanocrystals with high yields, 
the resulting materials are easily undergoing aggregation with poor diameter distribution. 
However, organic solvent or surfactant assisted aqueous methods yield homogeneous 
cerium oxide nanocrystals with narrow diameter distribution. Yang et al. added a 
stabilizing agent (oleic acid and t-butylamine in toluene) to a hydrothermal condition and 
obtained 4-100 nm cube shape ceria.
29
 In addition, a water-in-oil microemulsion method 
formed monodisperse cerium oxide nanocrystals ranging from 2.6 to 4.1 nm in 
diameter.
30
  
 
Figure 1.5 Cerium oxide nanocrystals from reverse micelle.  
(a) a scheme of microemulsion technique. (b and c) nanocrystalline cerium oxide formed by reverse 
micelle process and XPS analysis.31 
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A non-aqueous route (an organic method) for cerium oxide is an extraordinary 
method having advantages of single step, morphology control, high crystallinity, and 
surface chemistry with good reproducibility. To synthesize high crystalline monodisperse 
cerium oxide nanocrystals, high boiling temperature solvent is necessary to decompose 
cerium precursor completely. High temperature solvents (such as Decalin (180 
o
C), 1-
tetradecene (250 
o
C), octyl ether (290 
o
C), and 1-octadecene (320
o
C)) enabled cerium 
precursors (cerium oleate) to be decomposed completely resulting in 5-20 nm ceria 
nanocrystals.
32
 While the reaction temperature is related to the nanocrystal formation, the 
diameter and shape of cerium oxide nanocrystals were more closely influenced by the 
ratios between cerium precursor and surfactant, cosurfactant, and time. Control over the 
diameter (2-5 nm) and shape (spherical, tadpole, and wire) of cerium oxide nanocrystals 
were reported by Yu et al.; the ratio of cerium precursor to surfactants (oleic acid and 
oleylamine), reaction temperature, and time changed the shape and diameter of the 
nanocrystals.
 33
 Nanocrystal growth rate control also changed the shape from spherical to 
3D structure; Wang et al. reported flower-shape (at 120 
o
C for 8 min) and cube-shaped 
nanoceria (at 240 
o
C for 24h) using Ce(NO3)36H2O in octadecylamine.
34
  Use of 
cosurfactant or additive also transformed the shape of cerium oxide nanocrystals. 
Ahniyaz et al reported about 10 to 25 nm dumbbell and rod-shaped ceria using cerium 
oleate and octadecylamine.
35
 Recently, this group reported diameter and shape controlled 
cerium oxide nanocrystals; the mixed surfactant of oleic acid and oleylamine forms star 
and cube shaped cerium oxide, and the additive (water and octadecylamine) increased the 
diameter up to 10 nm.   
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Figure 1.6 Cerium oxide nanomaterials from non-hydrolytic route (organic method). 
Various shaped cerium oxide nanocrystals synthesized by organic method. (a) tadpole33(b) cube34 (c) 
spherical32a (d) rod shape.35   
1.4. Applications of nanocrystals 
1.4.1. Iron oxide for carbon nanotube growth 
Diameter control for carbon nanotubes (CNTs) is essential for most applications 
because their structural and physical properties are critically affected by chirality and 
diameter. 
36
 It is possible to manipulate CNT diameter by changing the dimensions of 
metal catalysts deposited on substrates via either electron beam or sputtering methods for 
CNTs formed via catalysts and chemical vapor deposition. 
37
 Recently, the diameter of 
CNTs was shown to directly scale with the size of the deposited metallic catalyst. 
38
 
However, when catalysts are deposited in gas phase methodologies, it is not possible to 
probe the upper limit of this relationship as the metal begins to form discontinuous films 
as opposed to discrete islands.  Such catalysts also exhibit wide size distributions 
prompting some speculation that more uniform catalyst materials could improve the 
diameter distribution of CNTs.   
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Figure 1.7 Carbon nanotube growth process.  
Nanocrystals on alumina wafer were used to catalyze carbon nanotube carpet growth flowing C2H2, 
H2, and H2O (A,D). After nucleation of carbon on the nanocrystals, carbon nanotubes started growing 
(B,E). A 15 min reaction rendered vertically aligned thick carbon nanotube carpet (C,F).39 
The use of preformed nanocrystals as catalysts for CNT formation offers many 
advantages for carbon nanotube manufacturing.  These materials could be printed or 
coated onto substrates prior to chemical vapor deposition (CVD), and for the reasons 
outlined above offer the potential for forming CNT with very different diameters and 
uniformity than those grown from gas-phase deposited catalysts.
2c
 Hafner et al was first 
to use pre-synthesized nanoparticles for CNT synthesis and obtained single- and double-
walled CNTs from Fe-Mo nanoparticles. 
40
 Later, near monodisperse Fe-Mo (3 to 14 nm) 
and Ni (3 to 7 nm) nanoparticles were shown to catalyze CNT formation and this work 
highlighted that the conditions for favorable growth were quite limited.
41
 Pre-formed iron 
nanoparticles (3 to 13 nm) were also used to catalyze CNT growth and some tunability 
was achieved by varying temperature and gas flow rates.
42
  However, in these examples 
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the preformed catalysts were too broad in their size distribution to fully explore the 
relationship between catalyst dimensions and the resultant CNT dimensions and 
structures.   
 
Figure 1.8 SWNT forest grown with water assisted CVD.  
(A) picture of a 2.5 nm tall SWNT forest on a 7 mm by 7 mm silicon wafer. A matchstick on the left 
and ruler with millimeter markings on the right is for size reference. (B) SEM image of SWNT forest. 
(C) SEM image of the SWNT forest ledge. Scale bar, 1uM. (D) Low resolution TEM image of the 
nanotubes. Scale bar, 100 nm. (E) High resolution TEM image of the SWNTs. Scale bar, 5 nm.43 
An important format for CNT applications is the carpet morphology, termed 
vertically aligned carbon nanotube (VA-CNT) carpets.  These samples are of great 
interest because the densely packed structures are ideal for gas or fluid flow membranes, 
super-capacitor electrodes, and any other technology that benefits from aligned CNTs 
with high surface area.
44
 The original report of CNT carpet formation reported a 50 
micron high carpet of aligned CNTs formed using iron nanoparticles catalysts formed via 
electron beam deposition.
45
  Since then, improvements in the quantity, length and quality 
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of these carpets has been linked to the specific details of the catalyst, including its 
composition, size and morphology.
46
 Nishino et al reported that monodisperse 3.2 nm 
diameter Fe-Mo nanoparticles prepared from an organic method were used to grow CNT 
carpets for the first time and 2.8 nm diameter single walled-CNTs (SWNT) were 
prepared with high purity over 99.99 %. 
47
 After this, various ranged prepared 
nanoparticles were utilized to grow CNT carpets. However, the resulting CNTs were 
predominantly multi-walled CNTs (MWNT) with poor diameter control when using iron 
oxide nanoparticles from 4.5 to 16 nm. 
48
 More recently, this group has demonstrated that 
organically modified iron oxide nanocrystals could serve as catalysts for CNT growth in 
spite of their surface coating and oxidized state. 
46d
 Presumably after treatment in 
reducing conditions and high temperatures, the organic moieties are volatilized and the 
iron oxide reduced to the active iron form required for CNT catalysis. 
49
 
1.4.2. Cerium oxide as an antioxidant 
Cerium oxide (CeO2, ceria) is one of the lanthanide metal oxides, having good 
reversible catalytic properties induced by the redox cycle between two oxidation states of 
cerium, cerium (III) and cerium (IV).
50,51
 This feasibility allows ceria to have oxygen 
non-stoichiometry composition, CeO2-x; oxygen vacancy exists on the defect site of ceria 
generated by oxygen atom release, leaving behind electrons, and reducing cerium (IV) to 
cerium (III) on the surface of cerium oxide. 
23,52
 Deshpande et al. reported that nano-size 
cerium oxides led to more number of oxygen vacancy formation than bulk size of the 
comparable materials, resulting in CeO2-x.
25
  The oxygen buffer property of ceria makes it 
ideal for the industrial applications such as, water-gas shift catalyst, UV absorber, oxygen 
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ion conductor, and solid oxide fuel cells.
53,2a, b, 22b, 54
  Recently, the redox cycling of the 
oxygen non-stoichiometry cerium oxide nanocrystal was applied to the biological system 
as an antioxidant.
55
 
 
Figure 1.9 Antioxidant property of cerium oxide.  
During free radical scavenging, cerium changes between the +3 to the +4 valence state, accompanied 
by an alteration in the defect structure of the oxide lattice.56 
Although there are numerous experimental findings showing potential radical 
scavenger properties of cerium oxide, the mechanistic study of the redox cycling of 
nanoceria in the presence of hydrogen peroxide has not been explored deeply. Several 
researches reported that cerium (III) may react with the same molar H2O2 in the 
reversible catalytic reaction mechanism.
57
 On the other hand, Heckert et al. proposed the 
redox cycling of nanoceria in the presence of H2O2 using the Fenton/Harbor Weiss 
reaction;
58
 in this process, doubled molar H2O2 decomposed into H2O and O2 in the redox 
cycling of cerium oxide.
31, 55, 58-59
 Recently,  Xue et al. showed that the reaction between 
cerium oxide and hydrogen peroxide may go through a Fenton-like reaction based on the 
photometric measurement using methyl violet; the color of methyl violet persisted in the 
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presence of cerium oxide by scavenging the hydroxyl radical (•OH), the intermediate in 
the mechanism of Fenton reaction generated by H2O2.
60
   
 
Figure 1.10 The expected redox cycling mechanisms.  
Cerium oxide reacts with H2O2 with three different ways. cerium (III) is oxidized by reacting with 
H2O2 (Fenton reaction), generating hydroxyl radical (OH•), and superoxide anion (O2•-) under 
Harbon/Weiss reaction. The oxidized cerium (IV) is reduced by O2•- (cerium (III) recovery). However, 
cerium (III) recovery process does not occur quickly (especially induced by excess H2O2 addition), 
O2•- may go under self dismutation process (2) or keep reacting with more H2O2 by Harbor/Weiss 
reaction (3). The reaction of cerium oxide with H2O2 may undergo all three mechanism processes. 
Several studies reported the antioxidant properties of cerium oxide against reactive 
oxygen species (ROS) driven diseases such as cancer, Alzheimer’s diseases, cardiac 
dysfunction, radiation induced cell death, and aging.
61
  Das et al. reported that nanoceria 
protected adult rat spinal cord neurons against oxidative stress.
31
 Perez et al. showed 
antioxidant property of nanoceria for the improved cancer therapeutics.
57b
 More recently, 
Kim et al. first showed that cerium oxide nanocrystals reduced ischemic brain damage 
induced by reactive oxygen species in living animals (Male Sprague-Dawley rats).
62
 In 
these studies, hydrogen peroxide mediated redox cycling of nanoceria produced by co-
precipitation or microemulsion method was demonstrated using colorimetric assay, 
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monitoring the reversible color change of nanoceria solution. More recently, this group 
has reported that monodisperse nanocrystalline ceria with the diameters from 3 to 10 nm 
synthesized by high temperature metal precursor decomposition in organic media was 
phase-transferred to water, then the redox cycling of nanoceria has been demonstrated 
despite its double layered surface coating (polyacrylic acid-octyl amine and 
oleylamine).
32b
  
 
Figure 1.11 antioxidant properties of ceria.  
UV- Vis measurement of cerium oxide nanocrystals treated with hydrogen peroxide at different time 
intervals.31  
1.5. Summary and outlook 
Monodisperse iron oxide and cerium oxide nanocrystals were synthesized from non-
aqueous route (high temperature metal precursor decomposition). Morphology and 
dimension of nanocrystals were controlled by reaction temperature, time, the ratio of 
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surfactant to metal precursor, and cosurfactant. The resulting nanocrystals can be phase-
transferred for further applications by changing the functional group on the outer shell of 
the nanocrystal structure.
3a, 32b, 63
 
 
Figure 1.12 Schematic of effects which are occurring on the catalyst during carbon nanotube growth.  
Carbon over-coating and Ostwald ripening (catalyst poisoning) are labeled as a potential termination 
mechanism.64 
Diameter controlled carbon nanotube were achieved by preformed iron oxide 
nanocrystals as precursor catalysts. We should understand the interface chemistry 
between nanocatalyst and the substrate (such as Al2O3, SiO2, and TiO2) to prepare high 
quality carbon nanotubes.65  Catalyst poisoning at high temperature in the growth system 
may lead to multi walled carbon nanotube or CNT with defects.
64
 Ferrite nanocrystal can 
be used as a key catalyst for high quality carbon nanotube growth to avoid nanocrystal 
migration on the substrate. Transition metal doped iron oxide may prevent catalyst 
poisoning by strong interaction between nanocrystal and the substrate.  
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Figure 1.13 Carbon nanotube carpet growth using both iron oxide and aluminum ferrite 
nanocrystals.  
Aluminum ferrite nanocrystal grew carbon nanotube faster than pure iron oxide nanocrystals.39 
Cerium oxide nanocrystal is a potential antioxidant material having numerous 
interesting reactive oxygen species scavenger properties in biological media.
66
 The 
diameter and surface coating dependent antioxidant properties of cerium oxide were 
measured with various analytical characterizations. 
67
 However, in order to better 
understand the mechanism of redox cycling of ceria in the presence of reactive oxygen 
species, a quantitative analysis that examines the reaction ratio between hydrogen 
peroxides and cerium (III) on the surface of nanoceria is required. Furthermore, the in 
vivo research based on mechanistic and in vitro results will give an answer about a use of 
cerium oxide nanocrystals as an antioxidant to reduce oxidative stress in therapeutic 
research. 
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Figure 1.14 Cerium oxide nanocrystals that can protect against Ischemic stroke. 
Untreated (control) and ceria nanocrystal treated (0.5 and 0.7 mg/kg) ischemic brain slices clearly 
showing that 0.5 and 0.7 mg/kg ceria nanoparticles can significantly reduce infract volumes.62 
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Chapter 2 
Synthesis of magnetic metal oxide 
nanocrystals through non-hydrolytic 
route 
2.1. Introduction 
Magnetic metal oxides are the mixed metal oxides having magnetic properties, such 
as magnetite and various ferrites (MxFe2O4, M=divalent transition metal cations, such as 
Ni, Mn, Co, and Zn).
68
 It has a cubic inverse spinel structure consisting of iron (III) in 
tetrahedral holes and both M (II) and iron (III) in octahedral holes. These types of 
magnetic metal oxides are widely used for magnetic recording, environmental 
remediation, magnetic resonance imaging, bioseparations and drug targeting.
1b-e, 2c, 3j, 69
 
Furthermore, large scale uses of iron oxides in industry range from ore refinement to 
ferrofluids based oscillation damping and position sensing. 
20, 69b, 70
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Nanocrystalline iron oxides and ferrites have the potential to be used more effectively 
than bulk materials in the aforementioned industrial and biological applications because 
of their high surface areas, uniform size with narrow distribution, and size dependent 
physico-chemical properties.
4c
 A synthetic route that prepares monodisperse magnetic 
iron oxide nanocrystals with high crystalline is of crucial important. There have been a 
lot of interests in monodisperse magnetic iron oxide nanocrystal synthesis with 
controllable diameter and composition during the last two decades. 
71
 
One route for the development of uniform nanocrystals is high temperature metal 
precursor decomposition method (non-hydrolytic route). Rockenberger et al first 
demonstrated iron oxide nanocrystal synthesis under non-hydrolytic route.
16
 Hyeon et al 
achieved the control over the diameter of iron oxide nanocrystals with narrow diameter 
distribution using an iron oleate salt as an iron precursor.
3d
 Sun et al produced various 
ferrite nanocrystals by the decomposition of metal acetylacetonate precursor at high 
temperature (at 265 
o
C).
20
 Recently, this group reported that iron carboxylate precursor 
formed by the mixture of iron oxy-hydrate and the excess oleic acid (with the ratio of 1:4) 
at elevated temperature is pyrolysed to produce highly monodisperse iron oxide 
nanocrystals especially at 320 
o
C. 
3a, 3j, 63b
 
Previous researches taught us that metal precursor decomposition at high temperature 
led to monodisperse magnetic iron oxide nanocrystals with high quality. In addition, there 
are many other experimental parameters to be considered to produce material libraries 
with a wide range of diameters and elemental composition. In this chapter, I have 
demonstrated and optimized the conditions to control over the diameter and composition 
of monodisperse iron oxide and various ferrite nanocrystals. Iron oxide nanocrystals 
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ranging from 3 to 40 nm were synthesized by controlling iron monomer concentration, 
the ratio of iron precursor to surfactant, and the additional co-surfactant. Various ferrite 
nanocrystals with varied composition ratio were also prepared by changing the 
concentration of metal precursors. Various examples for nanocrystal synthesis will 
provide better understanding of nanocrystal formation and design of the nanocrystal with 
tunable features.  
2.2. Experimental methods 
2.2.1. Chemicals. 
Iron oxide, hydrated (Goethite, FeO(OH), catalyst grade, 30-50 mesh), aluminum 
hydroxide (Al(OH)3, reagent grade), nickel acetate tetrahydrate (Ni(OCOCH3)2·4H2O, 98 
%), manganese chloride tetrahydrate (MnCl2·4H2O, 99 %), zinc acetate 
(Zn(OCOCH3)2·4H2O, 99.99 %),   oleic acid (OA, technical grade, 90%), oleyl alcohol 
(technical grade, 85%), 1-octadecene (ODE, technical grade, 90%) were purchased from 
Sigma-Aldrich; aluminum oleate was purchased by Fisher Scientific. All nanoparticles 
were synthesized under nitrogen (N2, 99.999%).  
 
2.2.2. Synthesis of iron oxide nanocrystals 
2.2.2.1. Iron oleate synthesis 
Iron oleate as an iron precursor was prepared by iron oxide, hydrate (FeOOH, 20 
mmol, 1.8 g), oleic acid (OA, 80 mmol, 22.4 g) and 1-octadecene (60 g) at 240 
o
C for 4h. 
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Iron oleate was also synthesized by the reaction of iron chloride (20 mmol, 3.24g) with 
sodium oleate (60 mmol, 18.3 g) in the mixture of ethanol (40 g), water (20g), and 
hexane (60 g) at 60 
o
C for 6 h. The resulting black colloid was washed using ethanol, 
acetone, and hexane. For details, 10 ml of black colloid was collected in 50 ml centrifuge 
tube and 20 ml of ethanol and 20 ml of acetone was mixed together. Then, the tube 
containing a black precipitate was centrifuged at 6,000 rpm for 15 min. The purification 
process was repeated in triplicate. The resulting black colloid (iron oleate) was finally 
stored in hexane in an amber color bottle. (Figure 2.1)    
 
Figure 2.1 Iron oleate in an amber bottle.  
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2.2.2.2. Nanocrystals from iron oleate 
Iron oxide nanoparticles ranging from 5 to 14 nm were prepared by using iron oleate 
(from 0.015 to 0.15 mmol), oleic acid (from 0.3 to 5 mmol) in 5 g of ODE at 320 
o
C for 
desired reaction time (from 1 to 3 h) under ultrapure N2 condition. 
2.2.2.3. Nanocrystals from the mixture of iron oleate and oleyl alcohol 
Iron oxide nanocrystals (from 3 to 7 nm) were synthesized by the mixture of iron 
oleate (1.67 mmol), oleic acid (from 1 to 3 mmol), and oleyl alcohol (from 1 to 3 mmol) 
in 15 g of ODE at 280 
o
C for 1h. 
2.2.2.4. Nanocrystals from high monomer concentration  
The mole ratio between iron oxy-hydroxide (FeOOH) and oleic acid (OA) was fixed 
to 1/4. The high molar concentration of FeOOH (from 1 to 50 mmol) and OA (from 4 to 
200 mmol) was mixed in 40 mmol (10 g) of ODE at room temperature. FeOOH was not 
soluble in the presence of OA in ODE at room temperature but dissolved at 240 
o
C where 
iron carboxylate precursor prepared. Iron oxide nanocrystals grew at 315 
o
C for desired 
time (from 1 to 12 h).  
2.2.3. Synthesis of Ferrite nanocrystals  
2.2.3.1. Nickel, manganese, and zinc oleate synthesis 
Nickel oleate was prepared by the reaction of nickel acetate (10 mmol, 1.76 g) and 
oleic acid (20 mmol, 5.64 g) in 10 g of ODE at 90 
o
C for 2h.
72
 Manganese oleate was 
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synthesized by the reaction of manganese chloride (10 mmol, 1.25 g) with oleic acid (20 
mmol, 5.64 g) in 10 g of ODE were heated at 180 
o
C for 2 h.
73
  Zinc oleate was prepared 
by the mixture of zinc acetate (10 mmol, 1.83 g), oleic acid (20 mmol, 5.64 g) in 10 g of 
ODE at 210 
o
C for 2 h.
74
 The purification of metal oleate was treated by the same method 
used for iron oleate precursor purification using ethanol, acetone, and hexane. 
2.2.3.2. Manganese iron oxide (MnxFe3-xO4) 
The mixture of iron oleate (0.03 mmol) and manganese oleate (from 0.0003 to 0.03 
mmol) were used with 2 mmol of oleic acid in 5 g of 1-octadecene (ODE) at 320 
o
C for 
2h. 
2.2.3.3. Nickel iron oxide (NixFe3-xO4) 
The mixture of iron oleate (0.03 mmol) and nickel oleate (from 0.0015 to 0.03 mmol) 
were used with oleic acid (from 2 to 8 mmol) in 5 g of 1-octadecene (ODE) at 320 
o
C for 
1 to 6 h. 
2.2.3.4. Zinc iron oxide (ZnxFe3-xO4) 
The mixture of iron oleate (0.03 mmol) and zinc oleate (from 0.0003 to 0.03 mmol) 
were used with 2 mmol of oleic acid in 5 g of 1-octadecene (ODE) at 320 
o
C for 2 h. 
2.2.3.5. Aluminum iron oxide (AlxFe3-xO4) 
The mixture of iron oleate (0.05 mmol) and aluminum oleate (0.02 mmol) were used 
with 2 mmol oleic acid in 5 g of 1-octadecene (ODE) at 320 
o
C for 2 h. Instead of iron 
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oleate, iron oxy-hydrate (FeOOH) can be also used as an iron source. For example, 0.7 
mmol FeO(OH) and 0.3 mmol Al(OH)3 with 3 mmol oleic acid in 5 g ODE at 320 
o
C for 
1 h grew about 10 nm aluminum ferrite nanocrystals. To control the diameter and 
aluminum contents of the nanocrystals, the molar concentration of iron and aluminum 
oleates, additional molar oleic acid, and reaction time were varied. More details were 
mentioned in Chapter 3.  
2.2.3.6. Nickel aluminum iron oxide (NiAlFeO4) 
The mixture of iron oxy-hydroxide (0.7 mmol), nickel oleate (0.4 mmol), and 
aluminum oleate or aluminum hydroxide (0.6 mmol) were used with 2 mmol of oleic acid 
in 5 g of 1-octadecene (ODE) at 320 
o
C for 2 h. 
2.2.3.7. Manganese zinc iron oxide (MnxZnx-1Fe2O4) 
The mixture of iron oleate (0.03 mmol), manganese oleate (from 0.009 to 0.015 
mmol), and zinc oleate (from 0.015 to 0.03 mmol) were used with 2 mmol of oleic acid in 
5 g of 1-octadecene (ODE) at 320 
o
C for 2 h. 
2.2.3.8. Manganese aluminum iron oxide (MnAlFeO4) 
The mixture of iron oleate (0.03 mmol), manganese oleate (0.03 mmol), and 
aluminum oleate (0.03 mmol) were used with 2 mmol of oleic acid in 5 g of 1-octadecene 
(ODE) at 320 
o
C for 2 h. 
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2.2.3.9. Manganese zinc aluminum iron oxide (Mnx-1ZnxAlFeO4) 
The mixture of iron oleate (0.03 mmol), manganese oleate (0.015 mmol), zinc oleate 
(0.015 mmol), and aluminum oleate (0.03 mmol) were used with 2 mmol of oleic acid in 
5 g of 1-octadecene (ODE) at 320 
o
C for 2 h. 
The resulting ferrite nanocrystals were purified using methanol, acetone, and hexane. 
More specifically, 1g of the resulting colloidal nanocrystals was mixed with 10 ml of 
hexane, 20 ml of methanol, and 20 ml of acetone and centrifuged at 4500 rpm for 30 min. 
This process was repeated three times. The cleaned colloidal nanocrystals were 
redispersed in hexane.  
2.3. Results and discussion 
2.3.1. Diameter control of iron oxide nanocrystals 
Monodisperse iron oxide nanocrystals were synthesized by the decomposition of iron 
oleate as an iron precursor in the presence of fatty acid (oleic acid) in ODE. As shown in 
Figure 2.2, all starting precursors were mixed at room temperature in a three neck round 
bottom flask. This reaction solution undergo pre-heating step to evaporate hexane (at 60 
o
C for 1 h) and to remove moisture (at 120 
o
C for 2 h). Iron oleate complex starts 
decomposing and dissociating one of three oleate ligands at 200-240°C.
2c
 The other two 
ligands dissociate at around 300 °C. Nucleation completely ends resulting in growth stage 
between 300-320 
o
C only when all the ligands dissociate from the iron oleate complex.
2c, 
3f, 3j, 75 
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Figure 2.2 An experimental set up for nanocrsytal synthesis.  
Reaction temperature, reaction time, and the ratio between iron precursor and 
surfactants are important parameters to control over the diameter of monodisperse iron 
oxide nanocrystals. Monodisperse iron oxide nanocrystals were grown only after 320 
o
C; 
below the temperature of 320 
o
C led to broad distribution of the nanocrystals resulted 
from Ostwald ripening. Increasing oleic acid concentration grew the nanocrystals larger 
as shown in Figure 2.3; the nanocrystals ranged from 5 to 14 nm as oleic acid 
concentration increased from 0.5 to 4 mmol. Short reaction time (1 h) rendered 
polydisperse iron oxide nanocrystals (7.0 ± 1.5 nm) but monodisperse iron oxide 
nanocrystals were synthesized after longer reaction time (longer than 2 h) (Figure 2.4).  
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Figure 2.3 Iron oxide nanocrystals grow larger as the ratio of oleic acid to iron precursor increased.   
Iron oxides were prepared using 1.67 mmol of iron oleate with oleic acid (0.5, 2, and 4 mmol from 
(A) to (C), respectively) at 320 oC for 2h. Diameters of iron oxides are 5.3 ± 0.5, 10.7 ± 0.8, and 14.0 
±1.2 nm from (A) to (C), respectively. All scale bars are 20 nm.  
 
Figure 2.4 Longer reaction time grows monodisperse nanocrystals.  
The diameter distribution is narrow when nanocrystals were grown for long reaction time. 
Nanocrsytals were synthesized by 1, 2, and 3 hour reaction from (A) to (C), respectively. Each 
reaction was treated using 1.67 mmol of iron oleate with 0.5 mmol of oleic acid at 320 oC. Diameters 
of iron oxides from (A) to (C) are 7.0 ± 1.5, 5.6 ± 0.5, and 9.9 ± 0.9 nm, respectively.  All scale bars are 
20 nm. 
The smallest iron oxide nanocrystals were obtained by using cosurfactant, such as 
oleyl alcohol at low reaction temperature (280 
o
C). TEM images in Figure 2.5 show that 
monodisperse iron oxide nanocrystals having 8 nm turns to small diameter of the 
nanocrystals (3 nm) as higher ratio of oleyl alcohol to oleic acid was applied. We 
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monitored the diameters of iron oxide nanocrystals as the ratio of oleyl alcohol to oleic 
acid increases in Figure 2.6. We expect that the slow nucleation and growth of iron oxide 
nanocrystals induced by low reaction temperature at 280 
o
C in the presence of 
cosurfactant (oleyl alcohol) may prevent the further growth of nanocrystals.  
 
   
Figure 2.5 Iron oxide nanocrystals formed by oleyl alcohol addition.  
Diameters of nanocrystals decreased from increasing concentration of oleyl alcohol addition. Oleic 
acid : oleyl alcohol is 3:0, 3:1, 3:3, 2:3, 1:3, and 0:3 from (A) to (F), respectively. Size of iron oxide 
nanocrystals from (A) to (F) is 6.6 ± 0.4, 6.6 ± 0.5, 5.8, ± 1.3, 6.5 ± 1.0, 3.1 ± 0.5, and 4.0 ± 0.7 nm, 
respectively. All scale bars are 20 nm. 
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Figure 2.6 Decrease in diameter of iron oxide nanocrystals by adding oleyl alcohol.   
Iron oxides were formed by 1.67 mmol of iron oleate  at 280 oC for 1h. When the ratio of oleic 
acid/oleylacohol was 3:0, 3:1, and 1:3, monodisperse nanocrystals (σ <10%) were synthesized.   
In the nanocrystal growth process, 1.6 mmol of iron oleate in 10 g of ODE may be 
too low concentration to keep growing iron oxide nanocrystals after the nucleation stage; 
after forming large number of nuclei, iron oxides do not grow larger because of the 
scarcity of monomer in the growth stage of the nanocrystals. However, if the monomer 
concentration is still high enough to keep growing the nanocrystals in the growth stage, 
the resulting nanocrystals can increase larger and larger. Towards this end, we 
accomplished the high monomer concentration in iron oxide nanocrystal synthesis by 
increasing iron precursor concentration in the fixed amount of ODE (10 g) (in this case, 
FeOOH was used as an iron precursor with oleic acid and the ratio of FeOOH to oleic 
acid was fixed to 1:4).  
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Figure 2.7 Iron oxide nanocrystals from 5 to 40 nm.  
Diameters of nanocrsytals are 5.7 ± 0.5, 10.2 ± 0.7, 16.0 ± 1.4, 23.9 ± 2.2, 32.1 ± 2.5, 38.4 ± 3.3 nm 
from (A) to (F), respectively. All nanocrystals are dispersible in hexane.  
The concentrated iron monomer in the reaction condition increased the diameters of 
iron oxide nanocrystals up to 40 nm. TEM images in Figure 2.7 show monodisperse iron 
oxide nanocrystals ranging from 5 to 40 nm. The nanocrystals grew larger as the 
concentration of iron precursor (FeOOH) increased from 10 to 50 mmol (Figure 2.8). 
The significant increase in diameter of the nanocrystals occurred from the condition using 
low amount of ODE (10g) but the growth rate was found to be slow from the reaction in 
large amount of ODE (60 g).  
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Figure 2.8 Growth of iron oxide nanocrystals depending on monomer concentration.  
Nanocrystals were grown in 10 g of ODE (dot line) and 60 g of ODE (bold line) at 320 oC for 12 h.  In 
each reactions, the ratio of FeOOH to oleic acid was 1:4.   
Nanocrystal diameter broadening induced by the formation of bigger nanocrystals at 
the expense of the dissolution of smaller nanocrystals does not occur although monomer 
concentration gets depleted at 320°C with time. 4b, c, 6a, 6d, 76, 3i After performing long 
time nanocrystal synthesis for 12 h, we did not find any evidence about ripening of 
nanocrystals. As shown in Figure 2.9, the resulting iron oxide nanocrystals grown for 1 
to 12 h have narrow diameter distribution (σ<10%). In addition, the diameter did not 
change much as a function of reaction times. For example, 33 nm in diameter increased 
to 38 nm of iron oxides from 1 to 12 h in 10 g of ODE; iron oxide in 60 g of ODE 
increased the diameter from 17 nm to 19 nm from 1 to 12 h. 
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Figure 2.9 Time dependent growth of iron oxide nanocrsytals.  
Nanocrystals were grown in 10 g of ODE (dot line) and 60 g of ODE (bold line) at 320 oC from 1 to 12 
h. The ratio between FeOOH and oleic acid is 50:200 mmol.  Reaction time has a minimun effect on 
the growth of nanocrystals.   
2.3.2. Diameter control of ferrite nanocrystals 
Ferrite nanocrystal has the structure replacing some Fe (II) or Fe (III) ions with 
other di- or tri-valent transition metal ions, such as Co, Mn, Fe, Mg, Zn, Ni, Cr and Al, 
in the octahedral or tetrahedral sites of the spinel lattice of magnetite (FeIIFe2IIIO4). 
20, 77  The replacement of iron ions in iron oxide nanocrystals with other transition 
metal ions results in the formation of binary, ternary, and quaternary metal oxide 
nanocrystals. Two, three, or four different metal oleates were decomposed at high 
temperature (at 320 oC) at the same time and formed binary, ternary, or quaternary 
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mixed metal oxide structures. For example, aluminum iron oxide (aluminum ferrite) 
nanocrystals were obtained using the mixture of iron and aluminum oleate 
precursors and manganese zinc iron oxide (Manganese zinc ferrite) nanocrystals 
were prepared by the mixture of iron, manganese, and zinc oleate (Figure 2.10).  
 
Figure 2.10 TEM and GIF iamges of aluminum ferrite (from A to C) and maganese zinc ferrite 
nanocrystals (from D to F). All scale bars are 50 nm. 
This method enabled us to have the libraries of various ferrite nanocrystals 
including manganese ferrites, nickel aluminum ferrites, manganese aluminum 
ferrite, manganese zinc ferrites, and manganese zinc aluminum ferrite nanocrystals 
(Figure 2.10, and Figure 2.11).  In addition, elemental mapping in GIF analysis 
(Figure 2.10) proves that the resulting spherical nanocrystals are alloy structure 
containing two or three transition metal cations. 
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Figure 2.11 TEM iamges of NiAlFeO, MnAlFeO, and Mn0.5Zn0.5AlFeO4 nanocrystals. The average 
diameter of the nanocrystals are 3.5 ± 0.4, 5.5 ± 0.5 7.2 ± 0.7 nm, respectively. 
Controlling metal oleate precursors concentrations changes the composition ratio of 
metals in ferrite nanocrystals. Figure 2.12 shows that the composition of manganese and 
iron in manganese ferrite nanocrystals is varied by changing the molar ratio of starting 
precursors, manganese and iron oleate precursors. The higher content of manganese in 
the manganese ferrite nanocrystal sample was found from the higher ratio of manganese 
oleate to iron oleate.   Using different concentration ratio of three different metal 
precursors also changes the composition of ternary metal oxide nanocrystals. For 
example, various molar ratio of manganese, zinc and iron oleates led to different content 
of each element in MnxZnx-1Fe2O4 (0<x<1) (Figure 2.13).   
Although varied ratios of metal oleates changes the diameter of ferrite nanocrystals, 
more complete control over the diameter of monodisperse ferrite nanocrystals is 
necessary with various elemental and structural analysis. The diameter control of mixed 
metal oxides (ferrites) may be affected by reaction times, surfactant ratios, and 
cosurfactant as we have seen from numerous results of iron oxide nanocrystal synthesis. 
This will be the subject of future work.  
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Figure 2.12 Control over the diameter and composition of MnxFe3-xO4 nanocrystals.   
 
Figure 2.13 Diameter and composition control of MnxZnx-1Fe2O4 nanocrystals. 
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2.4. Conclusion 
I demonstrate monodisperse iron oxide nanocrystal synthesis under high temperature 
decomposition of iron oleate precursor method. The diameter of iron oxide nanocrystals 
ranged from 3 to 40 nm by controlling the ratios of iron precursor to surfactant, iron 
monomer concentration, and cosurfactant. Mixed metal oxide nanocrystals were also 
prepared by the mixture of various metal oleate precursors. The composition of binary, 
ternary, quaternary metal oxide nanocrystals were highly related to the ratio of the 
starting precursor materials. This will have the potential to be used for the magnetic 
property measurement study depending on the diameter and composition of 
monodisperse magnetic nanocrystals.  
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Chapter 3 
Synthesis of monodisperse aluminum 
ferrite nanocrystals  
3.1. Introduction 
Ferrite is a cubic spinel structured material consisting of face closed packed 
oxygen with transition metal ions (Mn, Fe, Co, Ni, and Zn) having oxidation states of 
+2 and +3 in either tetrahedral or octahedral site in a crystal. Various ferrite 
nanocrystals are promising materials in the field of biomedical sensing, imaging, and 
data storage. 
70, 78
 Most of ferrite forms M
2+
Fe2
3+
O4
2-
 composition by the replacement 
of Fe
2+
 with M
2+
 (M = Mn, Co, Ni and Zn) in iron oxide nanocrystal. This type of 
ferrite nanocrystals were widely prepared using ionic metal precursors such as, metal 
chloride or nitrate hydrated via reverse micelles, hydrothermal, and coprecipitation 
methods because of their simplicity and cost efficiency.
77d, 79
 Recently, high 
temperature metal-organic precursor decomposition method improved the uniformity 
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of manganese, cobalt or nickel ferrite with wide range of diameter nanocrystal.
20, 77g, 
77i, 80
 Compared to divalent ferrite, trivalent ferrite, such as aluminum substituted iron 
oxide (aluminum ferrite), is not much explored with its magnetic measurement study.  
Aluminum ferrite is an iron oxide containing certain amount of Al
3+
 by the 
substitution of Fe
3+
 in either tetrahedral or octahedral sites in iron oxide crystal 
structure.
81
 Potential applications of aluminum ferrite are diverse; Namai et al showed 
possible use of this type of material for an electromagnetic wave absorber in wireless 
electronic devices, and recently this group utilized AlFe2O4 nanocrystals as precursor 
catalysts to synthesize various carbon structures such as, single walled carbon 
nanotubes and graphene nanoribbons.
39, 81a, 82
  Aluminum ferrite was also synthesized 
by various aqueous routes and controlled the diameter of nanocrystals or the amount 
of aluminum contents in a nanocrystal. 
80c, 81a, b, 83
 However, monodisperse wider 
range of diameter aluminum ferrite has never been synthesized by high temperature 
metal precursor decomposition method. In addition, controllable aluminum doping in 
an iron oxide nanocrystal will suggest better understanding of crystal structure of 
aluminum ferrite.  
In this research, for the first time, uniform nanocrystalline aluminum ferrite was 
synthesized by decomposition of aluminum and iron precursors at high temperature in 
the presence of oleic acid.  This type of ferrite material grew the diameter by 
changing nanocrystal growth time and the mol ratio of metal precursor to oleic acid. 
Aluminum ferrite had a varied composition; the concentration ratio of aluminum to 
iron in a nanocrystal was greater as the amount of the applied aluminum precursor 
increased. The addition of various phase transfer agents such as, polymaleic 
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anhydride-alt-1-octadecene (PMAO), polyacrylic acid-octylamine (PAA-OA), and 
oleic acid formed the bilayer structure on the surface of ferrite nanocrystals resulting 
in water soluble materials without loosing homogeneity.  
3.2. Experimental Methods 
3.2.1. Chemicals 
Iron oxide, hydrated (Goethite, FeO(OH), catalyst grade, 30-50 mesh), aluminum 
hydroxide (Al(OH)3, reagent grade), oleic acid (OA, technical grade, 90%), 1-octadecene 
(ODE, technical grade, 90%), poly (maleic anhydride-alt-1-octadecene) (  AO,  n   
 0000    0000), poly (acrylic acid) (PAA, MW = 1800), polyethyleneimine (PEI, Mw = 
25,000), and octylamine (99%) were purchased from Sigma-Aldrich; dimethylformamide 
(DMF, 99.9 %) were purchased from Fisher scientific; aluminum oleate was purchased 
by Fisher Scientific; 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride 
(EDC) was purchased from Thermo Scientific. All nanoparticles were synthesized under 
nitrogen (N2, 99.999%).  
3.2.2. Instrumentation 
3.2.2.1. Transmission electron microscope (TEM)  
The particle sizes were measured through transmission electron microscope 
(TEM)TEM specimens were prepared using ultra thin carbon type-A 400 mesh copper 
grids (Ted Pella Inc.). The TEM micrographs were taken by a JEOL 2100 field emission 
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gun TEM operating at 200 kV with a single tilt holder. The size and size distribution data 
were obtained by counting >1000 nanocrystalline particles using Image-Pro Plus 5.0.
84
  
3.2.2.2. X-ray diffraction (XRD), and X-ray photoelectron spectroscope (XPS) 
X-ray powder diffraction (XRD) patterns were obtained using a Rigaku D/Max 
Ultima II. 2 range was from 10 to 80 degree with a Cu K radiation (1.54 Å ) and the X-
ray was generated at 40 kV and 40 mA. XPS data were collected using a PHI Quantera 
XPS and X-ray spot size was 200.0 µm with pass energy of 26.00 eV at 45.0°.  
3.2.2.3. Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) 
The particle concentrations were measured by a Perkin Elmer inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) instrument equipped with autosampler. 
3.2.3. Synthesis of nanocrystalline iron oxide (magnetite) 
3.2.3.1. Iron oxide nanocrystals prepared by Goethite (FeOOH) 
FeOOH was utilized as an iron precursor in the presence of oleic acid (OA). FeOOH 
was not soluble in the presence of OA in ODE at room temperature but dissolved at 240 
o
C where iron carboxylate precursor prepared. The nucleation started after 280 
o
C and 
nanocrystal was grown at 320 
o
C for desire reaction times (from 1 to 12 hrs). Diameter of 
nanocrystal was controlled by different molar ratio between FeOOH and OA. For details, 
the ratio between FeOOH and OA was fixed to 1/4. The high molar concentration of 
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FeOOH (from 1 to 50 mmol) and OA (from 4 to 200 mmol) was mixed in 40 mmol (~10 
g) of ODE at room temperature. Iron oxide nanoparticles grew at 320 
o
C for desired time.  
3.2.3.2. Iron oxide nanocrystals prepared by iron oleate 
Iron oxide nanocrystals below 10 nm were achieved by using iron carboxylate (iron 
oleate) as an iron precursor. Iron carboxylate precursor was prepared by iron oxide, 
hydrate (FeOOH, 1 mmol, 0.09 g), oleic acid (OA, 4 mmol, 1.12 g) and 1-octadecene 
(ODE, 15mmol, ~4g) at 240 
o
C for 1h. The resulting black precipitate was purified using 
acetone, methanol, and hexane. For the details, 5ml of the resulting precipitate was 
washed using 25ml of acetone and 25 ml of methanol. The purification was treated at 
least 3 times. The well cleaned precipitate was dissolved in 15 ml of hexane. The purified 
precursor was separated from un-reacted salts and other impurities by centrifugation at 
4500 rpm for 30 min. This process is available for the large scale preparation. The 
resulting iron carboxylate was soluble in other non-polar solvents, hexane, chloroform, 
and toluene. The concentration of iron carboxylate precursor was measured by ICP and 
the resulting [Fe] was 3mg/mL. Iron oxide nanoparticles were prepared by using various 
amount of iron carboxylate (from 0.015 to 0.15 mmol), oleic acid (from 0.3 to 5 mmol), 
and reaction time (from 1 to 3 hrs.) under ultra pure N2 condition.  
3.2.4. Synthesis of nanocrystalline aluminum ferrite  
The method for aluminum ferrite nanocrystals were modified the conventional wet 
chemical method by decomposition of metal precursor in the presence of a surfactant at 
high temperature this group reported previously.
3j, 63b
 For details, 4.0 nm aluminum 
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ferrite was prepared using the mixture of 0.045 mmol iron oleate, 0.019 mmol aluminum 
oleate, and 2 mmol OA in 5 g ODE at 320 
o
C for 2 h. 11.2 nm aluminum ferrite was 
synthesized by 0.7 mmol FeO(OH), 0.3 mmol Al(OH)3 with 3 mmol OA in 5 g ODE at 
320 
o
C for 1 h. For 16.7 nm aluminum ferrite, 0.7 mmol FeO(OH), 0.3 mmol Al(OH)3 
with 4 mmol OA in 5 g ODE at 320 
o
C for 1 h. 
The resulting ferrite nanocrystals were purified using methanol, acetone, and hexane. 
More specifically, 1g of the resulting colloidal nanocrystals was mixed with 10 ml of 
hexane, 20 ml of methanol, and 20 ml of acetone and centrifuged at 4500 rpm for 30 min. 
This process was repeated three times. The cleaned colloidal nanocrystals were 
redispersed in hexane.  
3.2.5. Phase transfer of iron oxide and aluminum ferrite nanocrystals 
The as-synthesized nanocrystal was transferred to aqueous solution by encapsulation 
methods using probe sonication.
3a, 63b, 85
 
3.2.5.1. Oleic acid coated iron oxide 
The procedure for the preparation of oleic acid bilayer iron oxide nano crystals are 
followed by the method mentioned by Prakash et al.
3a
  
3.2.5.2. PAAOA coated iron oxide 
The synthesis of PAA-OA amphiphilic polymer was adapted from previous reports.
86
 
18 mmol of PAA-OA were added to 0.5 ml of iron oxide in ethyl ether solution ([Fe] = 
1.0 mg/ml) with 10 ml of ultra pure water. Aqueous and organic phases were mixed by 
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application of a probe-sonicator (UP 50H, DR.HIELSCHER) for 5 min at 60 % 
amplitude and full cycle. The resulting solution was further stirred for 1 day to evaporate 
the ether and to obtain a clear yellow brown solution. The transfer yield of the final 
solution was 54.0 %. 
3.2.5.3. PMAO coated iron oxide 
2.0 μmol   AO was added to 1ml of nanocrystal in chloroform solution ([Fe]   2.0 
mg/ml) with 10 ml of ultra pure water. The solution was probe-sonicated in the same 
condition, mentioned above. The transfer efficiency was 90.7 %. 
3.2.5.4. PEI coated iron oxide 
0.2 μmol PEI was added to 0.5 ml of nanocrystal in chloroform solution ([Fe] = 2.0 
mg/ml) with 10 ml of ultra-pure water. The solution was probe-sonicated in the same 
condition, mentioned above. The transfer efficiency was 70.5 %. 
3.2.5.5. Oleic acid coated aluminum ferrite 
 .2 μmol of of oleic acid was stirred with 0.  ml of nanocrystal in ethyl ether solution 
([Fe] = 1.6 mg/ml) and 10 ml of ultra-pure water. The solution was probe-sonicated in the 
same condition, mentioned above. The transfer yield of the final solution was 62.3 %. 
3.2.5.6. Polyacrylic acid octylamine (PAA-OA) coated aluminum ferrite 
The synthesis of PAA-OA amphiphilic polymer was adapted from previous reports.
86
 
2.7 μmol of  AA-OA were added to 0.5 ml of aluminum ferrite in ethyl ether solution 
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([Fe] = 1.6 mg/ml) with 10 ml of ultra-pure water. The mixed solution was sonicated 
using the probe sonicator at the same experimental set up, mentioned above. The transfer 
efficiency was 73.5 %.  
3.2.5.7. PMAO coated aluminum ferrite 
1 .6 μmol   AO was added to 1ml of nanocrystal in chloroform solution ([Fe] = 0.3 
mg/ml) with 10 ml of ultrapure water. The solution was probe-sonicated in the same 
condition, mentioned above. The transfer efficiency was 90.1 %. 
Purification of as-prepared water-soluble nanoceria was carried out using 
ultracentrifugation (Sorvall Discovery 100 SE Ultracentrifuge) at 41000 rpm for 4 hrs, 
followed by syringe filtration (pore size of 0.4  μm, WHAT AN-NYL). All the 
resulting phase transfer nanoceria pellets were re-dispersed and stable in Mili-Q water. 
3.3. Results and Discussion 
Aluminum ferrite was synthesized by incorporation of Al
3+
 into the spinel lattice 
structure of iron oxide under high temperature decomposition of aluminum and iron 
precursors. This procedure is similar to the synthetic method of various divalent ions, 
such as, Mg, Cr, Mn, Fe, Co, Ni, and Zn ferrite nanoparticles by non-aqueous high 
temperature process.
20, 77a-i
 In the synthetic process for aluminum ferrite, we used the 
mixed metal precursors of iron/aluminum oleate or FeOOH/Al(OH)3 in the presence 
of oleic acid. The starting chemicals, FeOOH and Al(OH)3, could prepare iron and 
aluminum oleate by the assistance of oleic acid at elevating temperature (240~260 
o
C) 
and decompose at 320 
o
C resulting in aluminum ferrite nanocrystals with controllable 
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molar ratio between Fe and Al.
3j, 63b, 75, 87
  
3.3.1. Aluminum ferrite nanocrystal 
Specific experimental conditions (ex, different metal precursors, reaction times, 
varied molar ratio between metal precursors and a surfactant) enabled to prepare 
various diameter monodisperse nanocrystalline aluminum ferrites as shown in Figure 
3.1 and Figure 3.2.
3j
 Specifically, extremely small amount of metal precursors (iron 
oleate, 0.045 mmol; aluminum oleate, 0.019 mmol) in the presence of a little oleic 
acid (2 mmol) led to the smallest ferrite nanocrystals with 4.0 nm diameters. Whereas, 
higher molar metal precursors (FeOOH, 0.7 mmol; Al(OH)3, 0.3 mmol) with 3 mmol 
of oleic acid increased the diameter to 11.2 nm and higher molar oleic acid (4 mmol) 
grew larger diameter to 16.7 nm aluminum ferrite. Longer reaction time with higher 
molar oleic acid led to larger diameter aluminum ferrite (22.2 nm ± 2.1 nm from 5 
mmol oleic acid injection and 2h reaction time) but the size broadness (20.5 ± 3.0 nm) 
occurred after 3 h heating of nanocrystal growth because of Ostwald ripening.  
 
Figure 3.1 Three different diameters of aluminum ferrite nanocrystals. 
(A) 4.0 ± 0.4, (B) 11.2 ± 0.7, and (C) 16.7 ± 1.4 nm. The histograms from A to C were shown in 
supplemental figure 1. The stoichiometic ratio of Al, Fe and O in 4.0, 11.2, and 16.7 nm nanocrystals 
were AlFe2O4 based on the ICP results; ICP data showed the ratio of [Al] to [Fe] was 0.26 / 0.73, 0.33 
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/ 0.66, and 0.36 / 0.63 from (A) to (C), respectively. In addition, EDS analysis of the smallest 
nanocrystal (4.0 nm) verified the molar ratio of Al to Fe in a nanocrystal was AlFe2O4 (weight percent 
of Al and Fe in EDS analysis was 20.1 and 79.9 %). All scale bars are 20 nm. For the statistics of 
average particle diamters, over 1000 particles were counted from multiple images using Image-Pro 
Plus 5.0.84 
 
Figure 3.2 The diameter histograms of aluminum ferrite nanocrystals. 
 The histograms from A to C were from TEM images in Figure 3.1.  
The mixed metal precursor injection (iron and aluminum precursors) synthesized 
the alloyed aluminum ferrite structure and the replacement of iron with aluminum did 
not transform the crystal structure of iron oxide. GIF analysis clearly gave the 
evidence that the synthesized particle contained both aluminum and iron in every 
single sphere as shown in Figure 3.3; The mapping position of two different metals, 
aluminum and iron, is identical in the same spherical nanocrystal. X-ray 
photoelectron spectroscopy (XPS) data in Figure 3.4 also verified the existence of Fe, 
Al in the nanocrystals. In the crystal aluminum ferrite, aluminum may be incorporated 
in octahedral sites in Fe3O4 crystalline because Al
3+
 has strong preference for the 
octahedral sites.
81c, 83a, 88
 XRD data in Figure 3.5 showed that the synthesized 
nanocrystal had very similar diffraction patterns as Fe3O4 and Al2FeO4 with slightly 
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shifted diffraction angles. This shift depending on the increasing contents of Al in 
magnetite nanocrystal was explained by Wolska et al.
81b, 83b
 The possible individual 
peaks of various phased aluminum, alumina, aluminum hydroxide, or amorphous 
aluminum oxide were not found in the XRD analysis. High resolution-transmission 
electron microscopy (HR-TEM) image of aluminum ferrite also showed that 
aluminum ions successfully replaced iron ions in iron oxide nanocrystal structures 
preserving lattice distance of (110) and (311) plane of 0.204 and 0.249 nm which are 
close to 0.203 and 0.252 nm of spacing between the lattice fringes of iron oxide 
(Figure 3.6).  
 52 
 
 
Figure 3.3 GIF analysis of 11.2 nm aluminum ferrite nanocrystals.  
(A) TEM image of aluminum ferrite nanocrystals. (B) GIF mapping of iron and aluminum. (C) GIF 
mapping of aluminum (green) (D) GIF mapping of Fe (red). All scale bars are 50 nm. 
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Figure 3.4 XPS data of aluminum iron oxide nanocrystal.  
The Fe2P and Al2P regions were analyzed to determine the existence of Fe and Al. 
 
Figure 3.5 XRD data of aluminum iron oxide nanocrystals.  
Nanocrystalline magnetite and aluminum ferrite are compared. The reference vertical lines at the 
bottom chart represent Fe3O4 (JCPDS Card # 19-0629 (black)) and AlFe2O4 (JCPDS Card # 34-0192 
(light gray)). 
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Figure 3.6 High resolution TEM image of aluminum iron oxide nanocrystal.  
The crystal fringe distances of 0.204 and 0.249 nm indicate (110) and (311) planes, respectively. 
The use of the increasing molar aluminum precursor compared to iron precursor 
rendered the high contents of aluminum in a nanocrystal; aluminum content was from 
18 to 50 % as Al/Fe precursor increased from 0.15 to 1.0, respectively. Trivalent ions, 
such as Al
3+
, can replace at most 66 % of iron ions in magnetite crystal structure since 
there are 33 % of Fe
2+
 in octahedral site and 66 % of Fe
3+
 in octahedral and 
tetrahedral sites. We expect that Al
3+
 may not only replace Fe
3+
 in octahedral site but 
also substitute Fe
3+
 in tetrahedral site based on the composition result of Al1.5Fe1.5O 4 
by 50 % replacement of iron with aluminum as shown in Figure 3.7.
81a, b
  However, 
too much injection of aluminum precursor ruined monodispersity of nanocrystal; 
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when the ratio of aluminum to iron oleate was over 1.0, the diameter distribution was 
wider over σ !20 %.  The different mol ratio between two different metal precursors, 
scarcity of oleic acid, and separated nucleation might result in broad nanocrystal 
distribution.   
 
Figure 3.7 A variation of aluminum content in a nanocrystal.  
The higher mol ratio of aluminum oleate to iron oleate rendered the increasing aluminum content in 
an aluminum ferrite particle.   
3.3.2.  Nickel ferrite and nickel aluminum iron oxide nanocrystals 
This type of nanoparticle synthetic process using metal oleate precursor is also 
applicable to synthesize wide range of diameter divalent ferrite nanocrystal with 
controllable composition. For example, nickel ferrite synthesis was demonstrated 
using the mixture of nickel and iron oleate under the same experimental condition 
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used for aluminum ferrite synthesis. The mol ratio of nickel to iron oleate under 0.4 
produced nickel ferrite but the higher molar ratio of those two precursors led to nickel 
oxide and nickel ferrite mixture as shown in Figure 3.8, Figure 3.9, and Figure 3.10. 
In addition, the starting materials’ ratio obviously controlled the composition; molar 
ratio between nickel and iron oleate of 0.4 synthesized monodisperse 6 nm NiFe2O4. 
Since the highest content of nickel in nickel ferrite is 33 %, the excess of nickel 
precursor injection formed by-product such as nickel oxide as verified from XRD 
(Figure 3.8). This caused the average size broadness (Figure 3.10). The increasing 
amount of surfactant, longer reaction time, and the use of the other type of metal 
precursor mixture, FeOOH with NiOH, had an effect on the preparation of larger 
diameter particles (9.0 ± 0.7 nm). Furthermore, three different metal precursor 
mixture (aluminum, nickel, and iron oleates) with the 1:1:1 molar ratio prepared 4 nm 
NiAlFeO4 nanocrystals (D = 3.8 ± 0.4 nm) in the presence of 2 mmol oleic acid. 
(Figure 3.11). More complete study about divalent ferrite and ternary ferrite 
nanocrystals will be the future subject.    
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Figure 3.8 XRD of nickel ferrite nanocrystals.  
The lower mol ratio of nickel oleate to iron oleate led more closely to the formation of NiFe2O4. In 
contrast, the higher ratio of nickel oleate compared to iron oleate (over 0.5) prepared NiO rich 
species. The reference vertical lines at the bottom of the chart were NiFe2O4 (JCPDS Card # 44-1485 
(black)), and NiO (JCPDS Card # 04-0835 (light gray)). 
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Figure 3.9 XPS analysis of nickel ferrite nanocrystal.  
The Fe2P and Ni2P regions were analyzed to determine the existence of Fe and Al. 
 
Figure 3.10 The effect of the ratio of nickel and iron precursors on the particle diameter, morphology 
and the composition.  
The lower mol ratio between nickel and iron oleate from 0.05 to 0.3 synthesized highly 
monodisperse nickel ferrite (σ <10 %). The nickel content increased gradually as the applied nickel 
precursor increased. However, obviously polydisperse nickel ferrite was formed after the ratio of 
Ni/Fe-oleate was over 0.4. NiFe2O4 was formed from 0.3 mol ration of Ni/Fe-oleate with 2 mmol of 
oleic acid at 320 oC for 2 h. 
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Figure 3.11 XRD of NiAlFeO4 nanocrystal (black). 
The reference vertical lines represent Fe3O4, (JCPDS Card # 19-0629), NiFe2O4 (JCPDS Card # 44-
1485), and AlFe2O4 (JCPDS Card # 34-0192). This diffraction pattern is also well matching to the 
reported data by Mozaffari and Raghavender et al.88a, 89 
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3.3.3. Phase transfer of aluminum ferrite nanocrystals 
For the further biological application, the engineered nanocrystals need to be 
soluble in water.  Toward this end, the simple injection of various amphiphilic 
polymers (ex, Polymaleic anhydride-alt-1-octadecene (PMAO), Mn = 50000; 
Polyacrylic acid-octylamine (PAA-OA) Mn = 2783; and oleic acid) transferred the 
phase of colloidal nanocrystal from non-aqueous to aqueous. 
63b,85-86, 90,3a
 Both high 
and small molecular weight polymer successfully led to phase-transfer and did not 
affected on the nanocrystal morphology and diameters without forming nanoparticle 
aggregates as shown in Figure 3.12. In addition, particular amount of polymer 
injection made water-soluble aluminum ferrite nanocrystal solution with high transfer 
yield up to 90 % by the assistance of probe sonication (see supplemental discussion). 
However, too much amount of polymer injection resulted in lower efficiency of 
transfer yield with cloudy solution. This could be due to the formation of micelles by 
excess polymer after critical micelle concentration level (CMC).
91
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Figure 3.12 Water soluble aluminum ferrite nanocrystals.  
TEM images (from a to c) and diameter histograms (from d to f) of PAA-OA coated aluminum ferrite 
nanocrystals. All water soluble nanocrystals were from three samples shown in Figure 1. Average 
diameter of nanocrystals from (a) to (c) was 4.7 ± 0.5, 10.3 ± 1.0, and 15.4 ± 1.4 nm, respectively. 
Phase transferred nanocrystals did not loose the morphology and diameter distribution. All scale 
bars are 20 nm. 
3.4. Conclusion 
In summary, high crystalline aluminum ferrite nanocrystals were formed by 
conventional wet chemical method by decomposition of iron and aluminum 
precursors in the presence of oleic acid at high temperature (320 
o
C). The higher mol 
ratio of oleic acid to metal precursors and longer reaction time obviously increased 
the diameter of nanoparticles. Aluminum content in a ferrite nanocrystal was greater 
as the applied amount of aluminum precursor increased. The addition of various phase 
transfer agents such as, PMAO, PAA-OA, and oleic acid formed the bilayer structure 
on the surface of ferrite nanocrystals resulting in water soluble materials without 
loosing homogeneity. 
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Chapter 4 
Control over the diameter, length, and 
structure of carbon nanotube carpets 
using iron oxide and aluminum ferrite 
nanocrystals  
 
4.1. Introduction 
Carbon nanotubes can be applied in diverse technologies, ranging from medical 
imaging to transparent and conductive coatings; in nearly every instance, the material 
performance depends on the uniformity and tunability of nanotube diameter as well as 
wall number (e.g. single-walled versus multi-walled).
36, 92
  One strategy for controlling 
these essential material features is to manipulate the metal catalysts used in carbon 
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nanotube production.  In the first examples, these catalysts were aerosols of reactive iron 
particles; a carbon feedstock such as ethylene when exposed to these metals decomposed 
above 800 
o
C yielding carbon that solubilized in the metals.  Carbon nanotube growth, it 
was believed, initiated when carbon concentrations became high enough to start the 
formation of graphitic shells at the metal particle surface.
93
  Kukovitsky et al showed that 
reduction in the size of the metal catalysts led to smaller diameter carbon nanotubes, and 
the findings suggested that the breadth of the particle dictated the tube diameter; later 
work illustrated how the composition of the catalyst, particularly with the introduction of 
molybedenum, could change the helicity and number of tube walls. 
94
  
More recently iron catalysts formed in the gas phase have been supported on 
substrates such as alumina, and carbon nanotube growth occurs from the surface forming 
thick and dense films.
95,96
   These vertically aligned carbon nanotube carpets (VA-CNT) 
are particularly ideal for applications including separation membranes, super-capacitors, 
and field-emitters.
 44 
 Yamada et al demonstrated that when catalysts deposited through 
gas phase processes were smaller, it was possible to make very small diameter (e.g. 2 nm) 
carbon nanotubes.
38a
  Whether the diameter of the catalyst defined tube diameter over all 
catalyst sizes remains an open question for catalysts deposited via the gas phase.  While 
this process yields catalysts with diameters well under 3 nm, the materials can ripen on 
the surface at high metal coverages.  This increases the catalyst size distributions and 
precludes the formation of catalysts larger than 3 nm.  More systematic studies that 
examine fully how catalyst structure can dictate carbon nanotube structure require 
alternate approaches to catalyst formation.
37b, 38b
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One strategy is to form iron oxide nanoparticles as catalyst precursors through 
chemical means, evaporate them onto substrates, and then reduce them to metals in the 
growth chambers prior to carbon nanotube growth.
49, 42, 65e
  During the last process, the 
organic coatings present on the particles are volatilized and the catalyst shrinks in size 
and converts to zero-valent iron particles.
46d, 49
  Hafner et al was the first to demonstrate 
the feasibility of this approach by applying broadly distributed Fe-Mo nanoparticles to 
the growth of double-walled carbon nanotubes.
 40
 Nishino et al reported that 3.2 nm 
diameter colloidal Fe-Mo nanocrystals could be used to grow high quality single-walled 
CNT carpets.
47
  Iron oxide nanocrystals from 4.5 to 16 nm in diameter also were applied 
to the growth of primarily multi-walled nanotube films.
48
 More recently, our group has 
demonstrated that organically modified iron oxide nanocrystals could serve as catalysts 
for CNT growth in spite of their surface coating and oxidized state.
46d, 49
  This prior work 
leaves open the question of whether larger catalysts would grow increasingly larger 
carbon nanotubes; moreover, the observations from several studies indicate that generally 
it is difficult to produce single-walled material using colloidal catalysts.
40-41, 42, 46d, 48-49, 82b
 
Also unexplored for both the chemically and gas-phase prepared catalysts is whether 
catalyst dopants can be used to gain further control over carbon nanotube structure and 
growth.  Existing research has underlined that the importance of the growth substrate to 
CNT growth; alumina, for example, outperforms TiO2, SiO2, and ZrO2 in forming 
uniform and dense CNT films presumably because the strong interactions between 
metallic iron and alumina limit ripening of the catalyst particles at high temperatures. 
65
  
The addition of aluminum into a precursor catalyst such as iron oxide, forming aluminum 
ferrite, could mimic or even augment this effect resulting in less catalyst ripening and 
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narrower CNT diameter distributions.  Additionally, by replacing some iron with 
aluminum the catalyst particles would contain less iron available for carbon nanotube 
growth.  This could lead to the production of CNT with smaller diameters as compared to 
similar sized pure iron oxide catalysts.   
Here we examine how both aluminum ferrite and iron oxide nanocrystals can be 
applied as catalysts for carbon nanotube growth (CNTs) in a water-assisted chemical 
vapor deposition process.  These particles (d from 4 to 40 nm) were highly uniform in 
diameter (σ < 10%); this feature allowed for a systematic examination of how catalyst 
composition and size affected carbon nanotube structure.  The evaporation of nanocrystal 
solutions onto alumina yielded sub-monolayer coverage of particles; at temperatures 
above 750 
o
C, exposure of these substrates to both acetylene and water resulted in the 
production of carbon nanotubes.  The outer diameter of the carbon nanotubes (CNTs) 
increased as the particle diameter increased; additionally, larger catalyst particles yielded 
CNTs with increasing numbers of walls.  However, the smallest aluminum ferrite 
catalysts coupled with limited acetylene delivery resulted in films with over 60% single-
walled carbon nanotube content.  While many features of the CNT growth were similar 
between the aluminum ferrite and the iron oxide nanocrystals, two differences were 
apparent.  First, CNT growth rates were 10 times faster for the ferrites than for pure iron 
oxides, and as a result thicker films could be formed by starting with aluminum ferrites.  
Also, the quality of the CNTs, as measured by Raman spectroscopy, was substantially 
improved when aluminum ferrite was used as a catalyst.   
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4.2. Experimental Methods 
4.2.1. Chemicals 
Iron oxide, hydrated [FeO(OH), catalyst grade, 30-50 mesh], aluminum hydroxide 
(Al(OH)3, reagent grade), oleic acid (technical grade, 90%), and 1-octadecene (ODE, 
technical grade, 90%) were purchased from Sigma-Aldrich. All nanocrystals were 
synthesized under nitrogen. For the CNT carpet growth, ultra high purity ethyne (C2H2, 
acetylene) and molecular hydrogen (H2) gases were purchased from Matheson Tri-Gas.  
4.2.2. Instrumentation 
4.2.2.1. Scanning electron microscope (SEM) 
SEM samples were placed on 45
o
 SEM mounts and SEM images were taken by FEI 
Quanta 400 field emission SEM at 10.0 kV. The height of CNT carpet was measured by 
Image-Pro Plus 5.0 (Media Cybernetics, Inc., Silver Spring, MD). 
4.2.2.2. Transmission electron microscope (TEM) 
TEM specimens for iron oxide were made by dropping the solution on ultra-thin 
carbon type-A 400 mesh copper grids (Ted Pella Inc.) and let them dry naturally. CNTs 
grown on the substrate were gently transferred onto Lacey formvar/carbon, 300 mesh 
copper grids (Ted Pella Inc.) to make the CNT specimens. The TEM micrographs were 
taken on a JEOL 2100 field emission gun TEM operated at 200 kV with a single tilt 
holder. The size and size distribution data were obtained by counting >1000 
nanocrystalline particles using Image-Pro Plus 5.0.  
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4.2.2.3. Raman spectroscopy 
The Raman spectra were collected with a Raman spectrometer (Renishaw, 
Gluocestershire, U.K.). CNT carpet samples were placed on a glass slide and a 785 nm 
laser was introduced on the top of the CNT carpets. 
4.2.3. Synthesis of precursor catalysts: iron oxide, aluminum iron oxide 
nanocrystals 
4.2.3.1. Iron oxide nanocrystals  
Monodisperse iron oxide nanocrystals with a wide size range from 4 to 40 nm were 
synthesized based on the literature.3j The purified iron oxide nanocrystals were purified 
using methanol and precipitated by adding acetone. The cleaned colloidal nanocrystals 
were redispersed in hexane.  
4.2.3.2. Synthesis of aluminum iron oxide nanocrystals 
4 nm aluminum iron oxide was obtained by using 0.045 mmol iron oleate, 0.019 
mmol aluminum oleate, and 2 mmol oleic acid in 5 g ODE at 320 
o
C for 2 h. 10 nm 
aluminum iron oxide was prepared by 0.7 mmol FeO(OH), 0.3 mmol Al(OH)3 with 3 
mmol oleic acid in 5 g ODE at 320 
o
C for 1 h. For 15 nm aluminum iron oxide, 10 nm 
nanocrystal preparation conditions were used except for using 4 mmol oleic acid.  
The iron oxide and aluminum iron oxide nanocrystals were purified using methanol 
and precipitated by adding acetone. The cleaned colloidal nanocrystals were redispersed 
in hexane. Their particle sizes were measured through transmission electron microscope 
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(TEM), and their particle concentrations were measured by a Perkin Elmer Inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) instrument equipped with 
autosampler. 
4.2.4. Growth of carbon nanotube (CNT) carpets 
Colloidal nanocrystals in hexane (20 µl) were deposited on an alumina coated 
substrate (10 x 10 mm, Al2O3/SiO2, 100 nm thick Al2O3 deposited through atomic layer 
deposition (ALD) on SiO2 wafer, Sundew Technologies LLC). The colloidal nanocrystal 
solution on the substrate was naturally dried at room temperature and then heated at 400 
o
C for 3 h to burn away oleic acid, the surface ligand on the nanocrystals.  
CNT carpets were grown by a water-assisted hot filament chemical vapor deposition 
(HF-CVD) following a previously reported procedure.
64
 The condition of gas flow for 
carpet growth chamber was 210 standard cubic centimeters (sccm) of H2, 2 sccm of C2H2. 
The flow of water molecules were generated by bubbling 200 sccm of H2 through the 
NANOpure
TM
 water (Thermo Scientific) at room temperature. The total pressure under 
the gas flow condition was 1.4 torr. A higher pressure (25 torr) was used to initiate CNT 
growth on the surface of the nanocrystals. With the gas pressure 25 torr, the nanocrystal 
deposited Al2O3/Si wafer was placed in the loading chamber and moved into the growth 
chamber.  The reactor pressure was reduced to 1.4 torr after 30 second in the hot zone. 
The iron oxide nanocrystals deposited on the wafer were reduced to iron particles using 
atomic hydrogen (H) generated through H2 dissociation on a hot filament (0.25 mm 
tungsten; the current, voltage and power were 7.5 A, 6.0 V, and 45 W, respectively). The 
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hot filament was left on for 30 sec, and then turned off. CNTs were grown for 15 min at 
750 
o
C.      
4.2.5. Calculation of surface coverage of nanoparticles 
To obtain nanoparticle concentrations, ICP analysis of total iron concentration in 
solution are used after the digestion with nitric acid. In the calculation, we assumed a 
3
 where r is the average radius of the nanocrystal as determined 
by TEM measurements, counting over 1,000 particles; then we took the density of Fe3O4 
(5.1 g/ml) and AlFe2O4 (4.6 g/ml) and could calculate the particle weight.  As an 
example, the volume of a 4.0 nm diameter particle of AlFe2O4 is 3.35 x 10
-20 
ml, which 
provides a total mass per particle of 1.5 x 10
-19
 g. Using this data, and Avogadro’s 
number, we find that 40 ppm of iron in a solution results in a nanoparticle concentration 
of 4.5 x 10
17 nanoparticles/L (7   n ). Since 20 μl of nanoparticle solution was dropped 
on the substrate (1 cm x 1 cm, alumina coated Si wafer), surface coverage of 
nanoparticles are 9.0 x 10
12
 nanoparticles/cm
2
. 
4.2.6. Calculation of the diameter of zero-valent iron.  
The diameter of the reduced nanocrystal was calculated by using the average diameter 
of AlFe2O4 nanocrystal observed by TEM and density of Fe3O4, AlFe2O4. For the details, 
the mass of 4.0 nm AlFe2O4 nanoparticle is 1.54 x 10
-19
 g. Since the mass fraction of Fe 
in AlFe2O4 is about 0.57 (molecular weight of Al, Fe, and O is 26.98, 58.93, and 15.99 
g/mol, respectively.), mass of Fe is 8.79 x 10
-20
 g. The calculated mass of Fe is converted 
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to volume using density of Fe (7.8 g/ml) and finally, we find that the diameter of Fe is 
2.78 nm. This number is 30 % reduced size from 4.0 nm AlFe2O4 nanocrystal. 
4.3. Results and Discussion 
Monodisperse nanocrystals prepared via colloidal chemical methods were used here 
as precursors for the small iron particles necessary for CNT growth.  As shown in Figure 
4.1 and Figure 4.2, these materials can be produced with diameters ranging from 4 to 40 
nanometers, and also with size distributions generally under 10 % on the diameter.
3j
  For 
this effort we expanded upon the conventional iron oxide synthesis to incorporate 
aluminum, yielding similar sized and highly uniform aluminum ferrite nanocrystals under 
the appropriate conditions. Specifically, for the work described we used three sizes of 
aluminum ferrite (4.0 ± 0.4; 9.5 ± 0.7; 14.1 ± 1.1 nm) and six sizes of iron oxide (4.3 ± 
0.5; 10.2 ± 0.7; 16.0 ± 1.4; 23.9 ± 2.2; 32.1 ± 2.5; 38.4 ± 3.3 nm).   All particles were 
stabilized by oleic acid coatings which rendered them well dispersed and non-aggregating 
in hexane.  
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Figure 4.1 TEM images of aluminum ferrite (A to C) and iron oxide nanoparticles (D to I) in different 
sizes.  
The sizes are 4.0 ± 0.4, 9.5 ± 0.7, 14.1 ± 1.1 nm (A to C), 4.3 ± 0.5, 10.2 ± 0.7, 16.0 ± 1.4, 23.9 ± 2.2, 
32.1 ± 2.5, and 38.4 ± 3.3 nm (D to I), respectively. All scale bars are 20 nm.  
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Figure 4.2 The histograms of the size distribution of aluminum ferrite (A to C) and iron oxide (D to I) 
nanoparticles.  
The x and y axes are the size of the nanoparticles (nm) and their counts, respectively. 
 
4.3.1. Diameter dependence of CNT on the varied size of starting 
nanocrystals.   
All diameters and compositions of catalyst precursors formed carbon nanotubes using 
a water-assisted chemical vapor deposition process.  The hexane solvent was evaporated 
away from nanocrystal suspensions applied to alumina substrates resulting in a sub-
monolayer of particles; exposure of these substrates to both acetylene and water at 750 
o
C 
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resulted in the production of carbon nanotubes (Figure 4.3).  Both the size and 
composition of the catalysts had a significant effect on the diameter, wall number and 
carpet height as will be discussed.  Additionally, for the largest size (e.g. 38 nm 
diameters) of precursor catalyst the CNT carpet height was significantly reduced.  
 
Figure 4.3 Carbon nanotube (CNT) growth process.  
Nanoparticles on alumina wafer were used to catalyze CNT carpet growth flowing C2H2 , H2, and H2O 
(A and D). After nucleation of carbon on the nanoparticles, CNTs started growing (B and E). A 15 min 
reaction rendered vertically aligned thick CNT carpet (C and F).      
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Figure 4.4 TEM images of CNTs grown by various sized aluminum ferrite and iron oxides.  
The mean diameter of CNTs are 3.3 ± 0.9, 6.6 ± 1.2, 9.8 ± 2.0 nm grown by AlFe2O4 from 4 to 14 nm (A 
to C). Iron oxide from 4.3 to 38.4 nm grew CNTs having outer diameter of 4.1 ± 1.0, 8.8 ± 3.4, 12.1 ± 
2.5, 14.0 ± 4.5, 16.5 ± 5.0, 17.9 ± 6.1 nm (D to I). All scale bars are 5 nm. For the size distribution 
analysis, the mean diameter with standard deviation of the CNTs was measured by counting about 
300 CNTs. The blue arrows in panel B show a clear double-walled structure while the red arrows in 
panel H highlight a multi-walled carbon structure.  
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Figure 4.5 The histograms of the diameter distributions of CNTs grown by of aluminum ferrite (A to C) 
and iron oxide (D to I) nanoparticles.  
The x and y axes are the diameter of CNTs (nm) and their counts, respectively. 
Within these dense carpets are many individual CNT, and transmission electron 
microscopy (TEM) was applied to quantify their outer diameters (Figure 4.4, and Figure 
4.5).  For all cases, the larger catalyst particles yielded CNTs with larger diameters. 
Figure 3 shows representative TEM images of CNTs prepared by each of the nine 
different catalysts.  Generally, over three hundred carbon nanotubes were measured to 
arrive at the average outer diameter; assuming a normal distribution, this is appropriate 
sampling to specify with good confidence (95%) the average diameter.
84
  Qualitatively, it 
is apparent in the images that the diameter of CNT increases as the diameter of the 
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catalyst increased.  For example, a 4.0 nm diameter aluminum ferrite nanocrystal 
produced mainly single- and double-walled CNT with 3.3 nm outer diameter; in contrast 
a larger iron oxide particle (d = 16.0 nm) produced more multi-walled materials with 
diameters of 12.1 nm. Figure 4.6 illustrates this trend over the complete range of samples 
and compares the CNT diameters to the estimated diameter of the resulting reduced 
catalyst.  Note that we assume that the precursor catalysts are fully reduced to the zero-
valent metal under the CNT growth conditions; this leads to a 30% reduction in their 
original oxidized diameters (See the Experimental Section).  Below 16 nanometers, the 
correlation between the calculated catalyst diameter and the CNT diameter is nearly one 
for both iron oxide and the aluminum ferrites. Little catalyst ripening occurs for these 
growth conditions.  Also, in agreement with past work is the observation that the tube 
diameter is fixed by the particle diameter; this suggests that the growing carbon tube 
forms on opposite sides of the metal catalyst.
96b, 97
 
 
Figure 4.6 Diameter dependence of CNT on the varied size of the reduced Fe precursor catalysts.  
The bar chart shows the average number of walls of CNT grown by aluminum ferrite (empty circle 
and dot line) and iron oxide (bold circle and bold line). The reduced Fe nanocatalyst size was 
calculated by using the density of AlFe2O4 (4.6 g/ml), Fe3O4 (5.1 g/ml) and Fe (7.8 g/ml). 
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For the three largest catalysts the relationship between the nanoparticle diameter and 
CNT diameter is much less pronounced (Figure 4.4, Figure 4.5, and Figure 4.6).  The 
trends observed for smaller precursor catalysts are distinctly different from that seen in 
the largest samples; the difference in CNT diameters when grown from 23 and 38 nm 
iron oxide nanocrystals is only 4 nm.   Also for these larger sizes the growth rates of the 
tubes are substantially reduced, and we see more evidence of iron wicking into the tube 
ends (Figure 4.7, and Figure 4.8).   
 
Figure 4.7 TEM images of CNTs grown from two sizes of iron oxide nanocrystals.  
(A to C) 4.3 nm iron oxide and the resulting CNTs. (D to F) 38.4 nm iron oxide nanoparticles and the 
CNTs. 
Several researchers have suggested that iron must be fully molten to allow for the 
rapid diffusion and migration of graphitic materials to opposite sides of catalysts. 
96b, 97
  
We speculate that the larger nanocrystals are not completely molten at the 750 
o
C used 
for CNT growth. Bulk iron has a melting point of 1535 
o
C.  Smaller nanocrystals are 
known to have a reduced melting point due to their high surface energies; however, this 
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effect is minimal (< 10%) for iron nanocrystals with diameters larger than 15 
nanometers.
98
  We note also that for CNT grown from the larger catalysts, the breadth of 
the CNT diameter distribution is notably broader than that found for CNT grown from 
smaller materials (Figure 4.9).  This is consistent with the observation that when catalyst 
diameters are large enough, the CNT diameter is no longer defined by the particle’s 
diameter.  Multiple nucleation sites on the larger particles, and the more random location 
of the growing tube walls, contributes to the less uniform materials.
99
 
 
Figure 4.8 CNT carpet height varied from wide range of iron oxide catalyst (from 4 to 38 nm).  
(A) The tallest carpet was obtained from 4.3 nm iron oxide nanocrystals (20.3 μm, surface coverage 
of 9.03 x 1012 nanoparticles/cm2). However, the carpet grew slowly as the applied nanocrystal 
diameter increased: (B) 16.0 nm iron oxide (surface coverage = 7.22 x 1011 nanoparticles/cm2) yield 
to 1.2 μm and (C) 38.4 nm iron oxide (surface coverage = 9.63 x 1010 nanoparticles/cm2) grew 0.5 μm 
CNT carpets. The bottom graph shows the catalyst diameter dependent carpet height graph. CNT 
carpets were all grown at 750 oC for 15 min at 1.4 torr. 
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Figure 4.9 Full width half maximum (FWHM) of the diameter distribution of CNTs (blue) and 
nanoparticles (red line). 
A close examination of CNT produced via aluminum ferrite precursors as compared 
to the iron oxide system reveals some improvement in the diameter dispersion of the 
CNT.  Figure 4 shows that the most uniform CNT were produced with the aluminum 
ferrite nanocrystals; the iron oxide nanocrystals of similar sizes had slightly larger outer 
diameter distributions. Colloidal nanocrystals start wetting at CNT growth temperatures 
and are adhered on the wafer having crystal-to-liquid state, and initiating carbon 
nucleation and growth process.
100
 In this process, aluminum in the nanocrystal may 
inhibit ripening of particles as it migrates to the alumina surface at high temperatures; the 
aluminum may diffuse out of the particle and interact with the free available oxygen.  Al-
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O has a far more favorable bond strength than Fe-O (210 kJ/mol higher) because of its 
smaller ionic radius (Al
3+
: 53.5 pm, Fe
3+
: 64.5 pm, O
2-
: 126 pm).
101
 This high bonding 
energy increases the melting point and catalyst ripening could be highly prevented by this 
strong aluminum oxygen bonding between aluminum ferrite nanocrystals and the alumina 
wafer in the nanocatalyst wetting.  
4.3.2. The number of wall control of carbon nanotubes 
The catalyst diameter and composition also controls the amount and number of 
single, double, triple and multi-walled CNT; as anticipated, single-walled nanotubes 
(SWNTs) are most prevalent when smaller nanocrystals are used.  The very smallest 
nanoparticles (e.g. d = 4 nm) formed single-, double-, and triple-walled carbon 
nanotubes, and the percentage of multi-walled tubes increased smoothly as the diameter 
of the catalyst increased (Figure 4.6).  This parallels observations from thin films and 
catalyst islands deposited via gas phase methods; SWNTs were grown only by a thin 2 
nm iron layer while more double-walled and multi-walled nanotubes were observed when 
iron layers were nearly 3 nm in thickness.
38a, b
 Using a process similar to the one applied 
here, Nishino et al showed that with 3.2 nm Fe/Mo high fractions of SWNT were also 
observed.
47
  Here we find a significant fraction of SWNT even for precursor catalysts as 
large as 4 nanometers, and that for catalysts much larger than this wall numbers increase 
substantially.   
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Figure 4.10 The statistics of the number of walls of CNTs grown by both aluminum ferrite and iron 
oxide.  
To analyze the number of walls, about 300 CNTs were counted on high magnification (over 300 k) in 
a high resolution TEM. All CNTs were grown by drop dried nanoparticles on ALD alumina wafer at 
2.0 sccm C2H2 flow rate. The highest percentage of single-walled nanotube (about 60 %) was 
achieved by optimizing the conditions to: 4.0 nm AlFe2O4 on sputtered alumina wafer at 0.5 sccm of 
C2H2. Bigger iron oxide over 25 nm prepared multi-walled tubes having more than 5 walls; the 
average number of walls of CNTs grown by 23.9, 32.1, and 38.4 nm iron oxide was 12.7, 13.6 and 
16.1, respectively. 
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Figure 4.11 The number of wall control of CNTs.  
The study of the wall number control was performed on an alumina wafer (Al2O3/Si, 10 nm thick 
Al2O3 deposited by electron beam method). The surface coverage of 4.0 nm aluminum ferrite 
nanocrystals was 9.03 x 1012 nanocrystals/cm2 (750 nM). The slower flow rate of C2H2 leads to higher 
populations of single-walled CNT. 
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To further increase the amount of single-walled nanotubes, it was necessary to slow 
the rate of introduction of the carbon source (C2H2) and use exclusively aluminum ferrite 
materials.  Over 60% of the carpet material was single-walled nanotube when aluminum 
ferrite particles were used with a slow acetylene flow rate (0.5 sccm) (Figure 4.10, and 
Figure 4.11). In contrast, 55% of the carpet material was double-walled for the same 
catalyst at reactant flow rates (2.0 sccm).  Zhang et al found that slow introduction of 
carbon feedstock not only reduces the incidence of increased wall number, but also 
reduces the amount of amorphous carbon. 
102
  By introducing C2H2 at a slower rate, there 
are fewer collisions of C2H2 with the side walls of growing CNTs.  A potential 
disadvantage of relying on slower reaction rates to form more single-walled nanotubes is 
the reduction in the carpet heights.   Here, the carpet height decreased from 9 to   μm as 
the acetylene flow rate was decreased from 2.0 to 0.5 sccm, respectively. 
4.3.3. The surface coverage and reaction pressure effect on CNT carpet 
quality.  
CNT quality is also an important feature of these materials; amorphous carbon and 
disordered carbon in the tubes can limit desirable electronic and mechanical properties.  
We found that films grown from smaller catalysts led to notably higher quality materials 
for all conditions.  The quality of the CNTs grown from both aluminum ferrite and iron 
oxide nanocrystals were characterized by Raman spectroscopy.
100a, 103
 The D (~1340 cm
-
1
) band results from defects on nanotubes such as, hetero-atoms, vacancies, heptagon-
pentagon pairs, impurities (amorphous carbon), and forming wall-wall interactions; the G 
(~1590 cm
-1
) band indicates the presence of well-ordered sp
2
 carbons.  Thus the G to D 
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ratio is a common standard for characterizing carbon nanotube quality. 
64, 104
  Figure 4.12 
illustrates the significant increase in the G band over the D band in films produced from 
smaller and smaller catalysts.
103, 105
  Certainly part of this data reflects the increase in the 
wall numbers seen in carpets produced from larger particles (Figure 4.4, Figure 4.5, and 
Figure 4.6).  However, it may also be that in larger particles carbon super-saturation may 
not result in the formation of graphitic caps because the materials are not fully molten; 
this would result in amorphous carbon deposition.
38b, 48, 97b, 100b, 106
   
 
Figure 4.12 Raman spectra of CNTs from AlFe2O4 and Fe3O4 nanocrystals indicating purity.  
The induced laser polarization was parallel to the alignment of the CNT carpet samples. The G (1590 
cm-1) to D (1340 cm-1) ratio of CNT from 4.0, 9.5, 14.1 nm AlFe2O4 nanoparticles is 11.4, 8.8, 7.1, 
respectively. IG/ID of CNT from 4.3 to 38.4 nm Fe3O4 is 9.8, 8.0, 2.0, 1.2, and 1.1, respectively. All CNT 
samples are carpet grown at 1.4 torr for 15 min. 
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An unexpected finding was that the inclusion of the dopant aluminum in the iron 
catalysts greatly improved the quality of the carbon nanotubes.  Figure 4.12 shows that 
for all three sizes, the aluminum ferrite nanocrystals formed CNT with very high quality 
(G/D = 11.4) as compared to the best CNT formed from pure iron oxide crystals (G/D = 
9.8).  Additionally, the tube quality was less sensitive to the aluminum ferrite catalyst 
diameter than CNT grown from pure iron oxide.  For these doped nanocrystals, 30% of 
the iron is substituted with aluminum; after the particles are fully reduced, this would 
result in substantially smaller catalyst diameters than those catalysts formed from pure 
iron oxide. Smaller catalysts lead to less multiple nucleation and more efficient 
nucleation of the graphitic shells necessary for high quality CNT growth. 
97b, 106
 We 
cannot rule out other processes by which the aluminum may actively promote CNT 
growth, and these are the subject of ongoing study. 
The quality of the CNT films was also a sensitive function of both the surface 
coverage of nanocrystals and the reaction pressures; generally, monolayer coverages with 
no aggregation were the best conditions for growth.  The highest G to D ratio was 
measured from the CNT carpets grown when the surface of wafer was covered by a 
monolayer of aluminum ferrite (750 nM, 9.03 x 10
12
 nanocrystals/cm
2
). In addition, CNT 
carpets had higher G to D ratios at 1.4 torr (IG/ID = 11.4) than those grown at 25 torr 
(IG/ID = 1.3). Pint et al reported controllable CNT quality depending on reaction 
pressure.
64
 It was noted that while growing CNT carpets, certain amounts of C2H2 might 
be consumed in the formation of amorphous carbon or increasing the number of walls 
rather than letting a few walls of CNTs grow vertically.
103b, 105
   The increase in the 
number of walls could be related to the diffusivity and solubility of the carbon in the 
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activated catalyst as well as its shape.
98a, 107
  Basically, fast diffusion and a high solubility 
of carbon can increase the number of walls rather than grow longer CNTs.  Thus, we 
observed at higher pressures poorer quality CNTs were prepared as evidenced by the 
reduced G/D ratio (IG/ID = 1.3).   
4.3.4. Overall height of CNT carpet catalyzed by both aluminum ferrite and 
iron oxide nanocrystals.  
Finally, we examined what conditions would promote the formation of thick CNT 
films.  Genearlly, surface coverages of precursor catalysts near a monolayer and higher 
reaction pressure promoted carpet growth. Figure 4.13 shows CNT carpet height 
dependence on the surface coverage of 4.0 nm aluminum ferrite nanocrystals on alumina 
wafer.  At 1.4 torr for 15 min, CNT carpet’s height increased from 1.8 to 22.1 μm when 
the nanocrystal concentration decreased from 6000 nM (7.22 x 10
13
 nanocrystals/cm
2
) to 
750 nM (9.03 x 10
12
 nanocrystals/cm
2
). CNT carpet was the thickest when the 
nanocatalyst layer on the wafer closed to a monolayer (750 nM, 9.03 x 10
12
 
nanocrystals/cm
2) and this catalyst coverage yield 280.  μm at 2  torr. A fast supply of 
large quantity of carbon source at high pressure with perfect coverage of catalyst can 
build up carbon structure fast and result in thicker nanotube carpets.  
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Figure 4.13 Effect of reaction gas pressures (1.4 torr (A and C), and 25 torr (B and D)) and surface 
coverage of 4.0 nm aluminum iron oxide nanocatalysts on the substrate (from 7.22 x 1013 (A and B) 
to 9.03 x 1012 (C and D) nanoparticles/cm2).  
SEM images show that the highest CNT carpet was obtained from high pressure (25 torr) and low 
nanoparticle concentration (750 nM, 9.03 x 1012 nanoparticles/cm2). The lower surface coverage 
below 9.03 x 1012 nanoparticles/cm2 grew shorter CNT carpet height (see Supplemental Figure 8 and 
9). 
Even thicker films resulted when we used smaller catalysts and the inclusion of an 
aluminum dopant lead to the thickest films. Figure 4.14 shows the height of carpets 
formed with varying catalyst types; for the same conditions, heights were more than ten-
fold higher for the aluminum ferrite catalysts. CNT carpet heights were from 0.1 to 5.3 
μm as the concentration of iron oxide nanocrystals decreased from 6000 nM (7.22 x 1013 
nanocrystals/cm
2
) to 750 nM (9.03 x 10
12
 nanocrystals/cm
2
). However, CNTs from 
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aluminum ferrite nanocrystals were grown from 7.6 to  4 μm at the same surface 
coverage of nanocrystals.  
 
Figure 4.14 Comparison of CNT carpet height grown by both aluminum iron oxide and iron oxide 
nanocrystals on alumina wafer.  
CNT carpets were grown by slow growth at 1.4 torr for 15 min after 30 s rapid super-saturation at 25 
torr (see supplemental discussion and figure 8, 9, and 10). The average CNT carpet height with error 
bar was obtained from the center and the edge parts of each sample. 
We speculate that the strong interaction between aluminum containing nanocrystals 
and the substrate may prevent the removal of catalysts by penetration into the substrate 
(forming an alloy with the support substrate) and after all, increase the life time of 
catalysts. 
100b,
 
108
 Also, aluminum ferrite nanocrystal has less active iron than equivalent 
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iron oxide material; this also results in a smaller active catalyst and faster carpet growth. 
There is also strong size dependence apparent in these data: larger particles produce more 
slowly growing carpets. However, the ferrite data cannot be completely explained based 
on the size of the reduced iron catalyst that forms.  A more complete analysis of the wide 
range of ferrite application to CNT carpet growth is the subject of a future publication.  
4.3.5. CNT carpet growth by rapid saturation and slow growth process 
CNT carpet growth is highly affected by the reaction pressure and the concentration 
of nanocatalyst on the substrate. It was found that high pressures (25 torr) allowed more 
reaction gas molecules to react with nanocatalysts, resulting in rapid growth of CNTs. 
Alternatively, low pressures (1.4 torr) grow short carpets because not as many carbon 
sources collide with the nanocatalyst, and CNTs slowly grow vertically.
95
 However, the 
growth of taller, high quality CNT carpet is always challenging because taller carpets 
often result in poor quality (disorganized carbon structure or carbon impurities induced 
by high intensity D band in Raman spectra) grown by high pressure.  
We postulate that controlling the super-saturation of carbon on the nanocatalyst may 
have an effect on the CNT carpet growth system. Basically, cylindrical graphene sheets 
will start growing vertically as soon as carbon precipitation on the nanocatalyst is super-
saturated.
96
 Rapid super-saturation of carbon can be achieved by supplying a large 
quantity of the carbon source at a high pressure. In addition, high quality CNTs will be 
obtained by the organization of cylindrical graphene sheets at a low pressure. In this 
research, various reaction processes were attempted in order to determine the optimal 
conditions for fast saturation and slow growth. The nanocatalyst deposited substrate was 
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kept initially at high pressure (25 torr) for rapid super-saturation for 10, 30, and 60 s and 
then the CNT carpet started growing at 1.4 torr for 15 min. 
Figure 4.15 and Figure 4.16 show the carpet height change depending on the 4.0 nm 
AlFe2O4 nanoparticles’ surface coverage and various super-saturation times from 0 s to 
60 s. It was found that the longer rapid super-saturation time led to the taller CNT 
carpets. In the observation of CNT carpet growth and its quality depending on different 
super-saturation time, the high quality CNT carpets with high G (~1590 cm
-1
) to D 
(~1340 cm
-1
) ratios (IG/ID) were prepared by 10 and 30 s super-saturation followed by 
slow growth. However, 10 s super-saturation led to very short carpets (~2 μm) and its 
growth rate was similar to that obtained without rapid super-saturation growth. However, 
30 s super-saturation grew densely packed carpets with high IG/ID with fast CNT carpet 
growth. It seems that 10 s super-saturation is not enough to reach super-saturation of 
carbon on the surface of reduced nanocatalysts. On the other hand, 30 s at 25 torr in the 
reduction process led to fast super-saturation of carbon on the reduced nanocatalyst and 
hence, CNTs grew dramatically taller. Therefore, 30 s rapid super-saturation was the 
optimal condition for growing good quality, taller CNT carpet.  
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Figure 4.15 CNT carpet height at various surface coverage of 4 nm diameter of aluminum iron oxide 
nanocrystals depending on different CNT carpet growth condition.  
For the fast supersaturation of carbon on AlFe2O4 nanoparticles, nucleation of carbon was treated at 
25 torr for 0 (■), 10 s (▲), 30 s (●), and 60 s (Δ). After rapid super-saturation of carbon, CNT carpets 
were grown at 1.4 torr for 15 min. The highest carpet was obtained at 25 torr for 15 min (□). CNT 
carpets grown at 1.4 torr without initial rapid super-saturation at 25 torr increased carpet height 
from 2.2 to 24.9 μm as nanoparticle concentration decreased. Applying 10 s fast super-saturation at 
25 torr gave similar growth rate as the one from 1.4 torr. However, super-saturation at 25 torr for 30 
s led to taller carpet heights from 5.1 to 54.6 μm as the AlFe2O4 nanoparticle concentration decreased. 
Rapid super-saturation times longer than 30 s grew similar heights of CNT carpets until 60 s. If the 
carpet was prepared only at 25 torr for 15 min, the carpet growth height was dramatically increased 
from 22.9 to 278.3 μm as the nanocrystal concentration decreased. 
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Figure 4.16 SEM images of CNT carpets grown from different growth conditions. 
4 nm AlFe2O4 nanoparticles’ surface coverages were 7.22 x 1013 nanoparticles/cm2 from A to D and 
9.03 x 1012 nanoparticles/cm2 from E to H. All CNT carpets were grown by slow growth at 1.4 torr for 
15 min after 0 s, 10 s, 30 s, and 60 s rapid super-saturation at 25 torr. 
The inside of the CNT carpets grown by rapid super-saturation followed by slow 
growth showed higher quality carpets with better IG/ID compared to the top of the carpets 
as shown in Figure 4.17. This is caused by the slow growth with well-ordered sp
2
 
structure at low pressure (1.4 torr) just after 30 s fast super-saturation at high pressure (25 
torr). On the other hand, the top of the CNT carpets had low quality as CNT carpet height 
increased because the top of the CNTs was grown at high pressure (25 torr) induced by 
rapid super-saturation process. The taller CNT carpets grown by small number of 
nanocatalysts led to the high IG/ID (the highest value was 14.2 with  4 μm, 9.0  x 10
12
 
nanoparticles/cm
2
) of the inside of CNTs. However, in the case of short carpets at higher 
nanoparticle concentrations, the bottom of the CNTs had lower quality (IG/ID = 4) in 
contrast to the top (IG/ID = 6) because the higher number of nanocatalysts was utilized. 
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When the bottom of the CNTs was analyzed by Raman spectroscopy, the inside of 
carpets as well as the carbon residues on the surface of nanocatalysts could be detected 
and influenced with a poor IG/ID.  
 
Figure 4.17 The correlation of CNT carpet height and G to D ratio.  
All CNT carpets were grown at 1.4 torr for 15 min after 30 s rapid super-saturation. 4.0 nm AlFe2O4 
nanoparticles were used for catalyst precursors. The higher carpet height had better quality at the 
bottom of the CNTs.   
The carpet grew higher up to  8 μm with better IG/ID (14.2) as AlFe2O4 concentration 
was closed to a monolayer (9.03 x 10
12
 nanoparticles/cm
2
). The carpets became shorter 
and less populated with lower IG/ID when the nanoparticle concentrations approached to 0 
nM. This lower IG/ID on the inside of CNTs could be due to the defect on the side wall of 
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CNT. In the case of short carpets grown by lower concentrations of nanoparticles (< 9.03 
x 10
12
 nanoparticles/cm
2
), the carpet growth may be finished quickly before the entire 
growth time (15 min) caused by ripening or poisoning of the small number of 
nanoparticles on the wafer. Even though the growth of the carpet is terminated, the 
reaction gases, such as C2H2, H2, and the water molecules are still supplied and hence, 
these molecules would react on the side wall of the already grown CNTs. This influence 
would effect on the top as well as at the bottom of the carpet, resulting in lower IG/ID on 
the inside of the carpet, when the carpet is shorter.  
4.4. Conclusion 
In summary, uniform iron oxide and aluminum ferrite nanocrystals formed in a 
conventional wet chemical method could be applied as precursor catalysts for the growth 
of carbon nanotubes (CNT).  The application of colloidal nanocrystals offered the 
opportunity to tune the resulting CNT structure through both the reaction conditions, as 
well as the composition, size and coverage of the precursor catalysts. For example, as the 
nanocatalysts increased in dimensions they produced increasingly larger CNT.  Also, the 
numbers of walls in the final CNT product were a sensitive function of the starting 
catalyst size: under the appropriate reaction conditions, the smallest catalysts could yield 
materials with over 60% single-walled carbon nanotubes. More typically, samples were 
mixtures of double, triple and larger multiple tubes.  Finally, the incorporation of 
aluminum into the catalyst resulted in both higher quality as well as thicker carpets. 
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These data illustrate that catalyst surface coverage, dimension, and composition can be 
used to tailor the structural features, as well as the quality, of CNT carpets. 
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Chapter 5 
Closed-edged graphene nanoribbons 
from large diameter collapsed 
nanotubes 
5.1. Introduction 
Carbon nanotubes (CNTs) with different diameters and helicity have distinct 
chemical and physical properties. Diameter-selective and diameter-controlled growth of 
CNTs has been developed for specific applications, such as field-effect transistors,
 
field-
emission displays
 
and hydrogen storage.
36d, 109
 Synthesis of large diameter CNTs, 
especially single-walled carbon nanotubes (SWCNTs) within a range of 1.4~5.6 nm has 
been realized with laser vaporization, arc discharge, and chemical vapor deposition 
(CVD) method.
42, 110
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When the diameter increases, cylindrical SWCNTs become energetically unstable. A 
number of theoretical studies have demonstrated that there exists a tube diameter (Deqe) 
where the energy of the collapsed tube is the same as that of the round geometry.
111
 Near 
the Deqe energy, there exists a diameter region where both geometries can co-exist at high 
temperatures. This has been referred to as a metastable region for the CNT structure. The 
cross section configuration of the fully collapsed structure is composed of two highly 
strained circular edges bridged by a flat middle section. We refer to this geometry as a 
closed edged graphene nanoribbon (CExGNR) configuration which is stabilized by Van 
der Waals interaction between two opposing walls. Theoretical studies have found Deqe to 
be an increasing function of the number of walls.
111a, b
 Table 5-1 summarizes a number of 
reported values of Deqe from the literatures and the methodologies employed to deduce 
them. In those studies, Dmetastable ranges were given for SWCNT and double-walled 
carbon nanotubes (DWCNT), Dmetastable ranges and Deqe for triple-walled carbon 
nanotubes (TWCNT) have also been calculated.
111e, 111g-j
 
In addition to the diameter, SWCNT collapse is also correlated to external factors, 
such as temperature,
 
pressure, Van der Waals force induced by a substrate or neighboring 
tubes in bundles, toxic addition in the reaction system,
 
mechanical strain and electron 
bombardment.
111a, 111c, 111e, 111g, 112 
Modeling of the transition between a cylindrical and 
collapsed configuration in different environments has been studied extensively.
112a, 113
 
Furthermore, unusual edge states and promising electronic,
 
mechanical and 
electromechanical behavior of collapsed SWCNTs has been documented and 
predicted.
113-114
 Nanotube collapsing allows for the band gap modification by its 
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transverse self-collapse, avoiding the employment of structural perturbations which 
disturb the sp
2
 bonding framework or the position of the tube ends.
114c
 
 
Table 5-1. Summary of values of equivalent energy points for SWCNT and DWCNT in the literature and 
the methodologies employed. 
Reference 
Deqe for 
SWCNT 
(nm) 
Deqe for 
DWCNT 
(nm) 
Methodology 
111a
 3.6 ~ 8.6 3.8 ~ 10.4 
Experimental and continuum model 
analysis (bending modulus used k = 
1.4 eV;  
εVdW = 25 ~ 100 meV/atom; crossover 
shapes were calculated from 
geometrical assumptions) 
111d
 5.9 ~ 6.0 - 
Molecular dynamics simulation using 
MPSim (force field, derived through 
QM calculations; bending modulus  
k = 912 ~ 963 GPa depending on 
chirality)  
111f
 2 - 
Molecular dynamics simulation 
(REBO potential to represent 
covalent bonds; adaptive Lennard-
Jones potential to represent van der 
Waals interaction) 
111c
 2.2 - 
Extrapolation from molecular 
dynamics simulations of collapsing of 
hexagonally close-packed bundles of 
SWNT using DL_POLY code 
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(macromolecular force field 
DREIDING parameterized for 
carbon) 
111i
 4.1 5.0 
Atomic-scale finite-element method 
simulation and order-N atomistic 
simulation method based on Brenner 
potential for carbon (εVdW = 2.39 
meV/atom) 
111h
 1.9 - 
Continuum model analysis and 
molecular simulation using Discover 
molecular dynamics program through 
Materials Studio 3.0 (polymer 
consistent force field used) 
111j
 6.2 8.0 
Atomistic simulations (second-
generation Tersoff-Brenner potential 
and Lennard-Jones potential; εVdW = 
2.39 meV/atom)  
Present 
work 
2.6 4.0 
Molecular dynamics simulation using 
LAMMPS (AIREBO potential with 
no torsion term; 
 εVdW = 53.6 meV/pair) 
 
Although, the formation of a collapsed structure is largely independent of tube 
chirality, the structure of collapsed SWCNTs can be flat, warped or twisted due to lattice 
registry dependent Van der Waals interaction between the two opposing walls.
111c, 111e, 
111j, 115
 The morphology of collapsed nanotubes has been demonstrated by TEM, STM 
and AFM measurements.
111b, 114b, 116
 In previous efforts in synthesizing large diameter 
CNTs, Zettl group, Kiang et al.
 
and Ajayan group have observed the collapsed and 
twisted structures of multi-walled carbon nanotubes (MWCNTs), SWCNTs and 
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DWCNTs, respectively.
38c, 111b, 117
 Recently, Alvarez et al. observed collapsed DWCNTs 
with a ribbon-like structure.
118 
However, very few observations were obtained in TEM 
images and the collapsed phenomenon of few-walled CNTs was not discussed in detail. 
In this study, synthesis of large-diameter few-walled CNTs was accomplished using 
nearly mono-disperse aluminum ferrite nanoparticles. TEM characterization was used to 
distinguish between uncollapsed and collapsed carbon nanotubes based on whether tubes 
exhibited kinks as expected for collapsed tubes but not for uncollapsed tubes. Formulas 
for conversion of the widths of collapsed tubes to their respective round configurations 
were theoretically determined and permitted a direct comparison of diameter distributions 
for both collapsed and uncollapsed tubes.   
5.2. Experimental methods 
5.2.1. Chemicals. 
Iron oxide, hydrated (FeO(OH); catalyst grade, 30-50 mesh), oleic acid (technical 
grade, 90%), 1-octadecene (ODE, technical grade, 90%) were purchased from Sigma-
Aldrich. Iron oleate ([Fe] = 3 mg/mL) was synthesized using the method mentioned in 
the previous research,
 
and aluminum oleate was purchased by Fisher Scientific.
3j
 
5.2.2. Nanocrystal synthesis 
All iron oxide nanoparticles were synthesized under nitrogen. Aluminum iron oxide 
was obtained by modifying the standard method for mono-dispersed iron oxide 
nanocrystals; iron and aluminum oleate were decomposed in the presence of oleic acid at 
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320 
o
C for 2 h.
3j 
For the purification of as-synthesized nanocrystals, 5 mL of resulting 
colloid was washed and precipitated using 25 mL methanol and 25 mL acetone by 
centrifugation at 4500 rpm for 30 min. The resulting black colloid was redispersed in 15 
mL hexane. 
5.2.3. Carbon nanotube growth condition 
The substrate was prepared using a SiO2 wafer, on which the Al2O3 layer was formed 
by sputtering aluminum or spin-coating water dispersed alumoxane solution. An 
aluminum layer with a uniform thickness of 10 nm was prepared in a sputter coater. 
Synthesis of water-soluble Al2O3 particles and fabrication of an Al2O3/SiO2 layer from 
solution were achieved by a previously reported technique.
46d
 A preformed AlFe2O4 
nanoparticle solution was diluted into different concentrations, followed by drop drying 
onto Al2O3/SiO2 substrates. Prior to growth, in order to remove the oleic acid coating and 
expose the preformed metal oxide nanoparticles, the samples were calcined at 200 
o
C for 
2 h in oxygen with a flow rate of 200 sccm. The growth of carbon nanotubes was carried 
out in a hot filament chemical vapor deposition (CVD) apparatus at 750
 o
C, which has 
been described elsewhere.
64, 118
 
 
H2 (210 sccm), C2H2 (2 sccm) were supplied during the 
reduction and growth stages as reducing agent and carbon source gas, respectively. H2O 
was supplied by bubbling H2 throughout degassed water at 200 sccm to assist carpet 
super-growth. The catalyst particles were reduced at 25 Torr in a 30 s reduction process, 
during which a tungsten filament was activated by ramping to a current of 9~10 A. The 
high temperature of the filament (typically ~2500
 o
C) enables dissociation of H2 to form 
atomic hydrogen, which rapidly reduced the preformed nanoparticles to catalytically 
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active metal particles. The pressure was then reduced to approximately 4 Torr and the hot 
filament was switched off. Nanotube growth was then continued for an additional 10 min. 
5.3. Results and discussion 
5.3.1. Growth of a large diameter carbon nanotube carpet using preformed 
aluminum iron oxide nanocrystals. 
 
Figure 5.1 Synthesis of a large-diameter CNT carpet from mono-dispersed AlFe2O4 preformed 
nanoparticles.  
(a) Schematic description of the preparation process of the collapsed CNTs. (Step 1) Sputtering 
aluminum or spin coating water-soluble alumina particles on SiO2 surface to fabricate Al2O3/SiO2 
substrate. (Step 2) Drop drying preformed AlFe2O4 nanoparticle solution on the substrate surface 
and calcining at 200 oC to form metal oxide catalyst layer. (Step 3) Growing the CNT carpets by water-
assisted CVD method. (b) TEM image of uniformly dispersed performed nanoparticles with oleic acid 
coating. The inset histogram shows the diameter distribution of the preformed nanoparticle, with an 
average size of 4.0 ± 0.4 nm. (c) SEM image of the CNT carpet with a height of ~ 100 μm grown on 
Al2O3/SiO2 substrate in 10 min growth. (d) Close-up SEM image of the CNTs arrays at higher 
magnification, corresponding to the indicated region in (c). (e) TEM image of the large-diameter CNT. 
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(f) Raman spectra of the top and bottom region of the CNT carpet, showing G/D ratios of 2.8 and 
18.5, respectively. 
The synthetic process involving deposition of catalyst particles on a substrate and 
growth of collapsed CNTs is illustrated in Figure 5.1. A TEM image in Figure 5.1 displays 
of 4.0 nm preformed AlFe2O4 nanoparticles. These nanoparticles have a narrow size 
distribution, with an average diameter of 4.0 ± 0.4 nm. The size homogeneity of the 
preformed nanoparticles and their chemical composition were also demonstrated with 
lower magnification TEM image, AFM image and X-ray diffraction (XRD) pattern in 
Figure 5.2. 
 
Figure 5.2 Characterization of aluminum iron oxide nanocrystals.  
(a) Low-magnification TEM image of nearly mono-dispersed preformed AlFe2O4 nanoparticles with 
an average diameter of 4.0 ± 0.4 nm. (b) AFM image of AlFe2O4 nanoparticles on SiO2 surface. (c) X-
ray diffraction (XRD) pattern of aluminum ferrite nanocrystals. Diffraction peak positions of 
nanocrystalline magnetite Fe3O4 (black) and Al2FeO4 (blue) are vertically aligned at the bottom in the 
graph for comparison to the aluminum ferrite synthesized in our experiment. The diffraction peak 
positions of the AlFe2O4 nanocrystal are between those of the nanocrystalline magnetite Fe3O4 
(black) and Al2FeO4 (blue). 
The nearly mono-dispersed nanoparticles have been employed in synthesis of large 
diameter CNTs in previous studies.
42, 118
 It has been shown that by using these well-
defined preformed nanoparticles one is able to achieve diameter-controlled synthesis of 
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CNTs. An additional advantage is that particle size can be controlled over a large size 
range. This cannot be achieved by catalyst evaporation onto a substrate to form catalyst 
islands. The dense and vertical growth of nanotube carpet on the Al2O3/SiO2 substrate 
was achieved in a CVD process from AlFe2O4 nanoparticles with various concentrations 
(from 22 nM to 375 nM, as shown in Figure 5.3). As can be seen in the SEM image 
(Figure 5.1), a carpet height of ~100 μm was obtained in 10 min growth from the 
nanoparticles with an optimized concentration (25 nM), indicating a high growth rate of 
~10 μm/min. A portion indicated by a square frame in Figure 5.1 is shown in a higher 
magnification SEM image. A large amount of kinking and bending is evident. The TEM 
picture (Figure 5.1) shows that the sample is predominantly SWCNTs, with typically 
bent and twisted structures, indicating large numbers of collapsed SWCNTs. Catalyst 
particles encapsulated at the nanotube ends are also visible.  
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Figure 5.3 Quality of carbon nanotube grown by the precursor catalysts measured by Raman. 
The bottom G/D ratio (red and round dots), top G/D ratio (black and square dots) and height (blue 
and square dots) of nanotube carpet grown from preformed AlFe2O4 nanoparticles versus the 
nanoparticle concentration (M is the original concentration of AlFe2O4 nanoparticles 375 nM). The 
nanotube can be grown from AlFe2O4 nanoparticles with a wide concentration range from 22 nM to 
375 nM. Carpet with the highest bottom G/D ratio of 18.5 and the highest carpet height of 100 μm 
was obtained from the optimized particle concentration 25 nM. 
Raman spectra of the nanotube sample were taken from both the top and bottom 
region of the nanotube carpet using a wavelength of 633 nm for excitation. Radial 
breathing modes (RBMs) are clearly observed in the range of 100~300 cm
-1
. Moreover, 
the subsidiary peak shown in the low frequency range of the G band and the lack of subsidiary 
peak on its high wave number side indicates that the nanotubes in the sample are mainly single-
walled, in agreement with the TEM observation (Figure 5.1).116b The carpet bottom shows a 
G/D ratio of ~18.5, much higher than that in the top region (~2.8). It is found that the 
base-growth mechanism dominates in our conditions since residues of catalyst particles 
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in high density can still be seen anchored to the substrate after removing the nanotubes.
119 
Catalytic processes that cause amorphous carbon formation during the initial stage of 
nanotube growth are likely responsible for the lower G/D ratio commonly found at the 
top of a carpet. The bottom G/D ratio is a better indicator of nanotube quality and we take 
the ratio of 16-18 to be indicators of largely defect free SWCNTs. Thus we expect their 
mechanical behavior to be quite similar to that for the calculated mechanical behavior of 
structurally perfect nanotubes. 
Figure 5.4 shows the TEM images of collapsed and uncollapsed nanotubes including 
SWCNT, DWCNT and TWCNT. Kinked, folded, and twisted structures which are typical 
features of collapsed nanotubesare clearly observed (as indicated by the arrows in Figure 5.4).
111e
 
These structures are used as an identifier of closed edged graphene nano-ribbons. A collapsed and 
twisted MWCNT ribbon is also observed in TEM analysis. The widths of the flattened ribbons in 
this image formed by SWCNT, DWCNT, TWCNT and MWCNT are found to be 4.6 nm, 8.0 
nm, 7.8 nm and 8.2 nm, respectively. Previous studies have suggested that collapse does not 
necessarily occur throughout the entire tube and is most likely caused by mechanical activation 
rather than thermal activation.
111j, 120
 It has also been suggested that kinked deformations formed 
locally in some regions on the nanotube might serve as an initiator for an entire flattening of a 
tube through a zipper effect.
111b
 Others have attributed collapsed structures to high pressure 
during the reaction.
121
 Collapsed nanotubes with twisted structures have also been observed with 
multi-walled CNTs (MWCNTs) in other studies.
111b, 121a
 Lattice registration between 
opposing walls is thought to be responsible for the twisted phenomenon: the interaction 
between the two paralleled graphene walls (innermost walls in the DWCNTs, TWCNTs and 
MWCNTs) tends to achieve the lowest energy AB stacking via the translations along radial and 
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axial directions. Thus, achievement of more favorable interlayer registry acts as driving force for 
twisting or warping of collapsed nanotubes.  
 
Figure 5.4TEM images of the collapsed and uncollapsed CNTs. 
 (a), (b) and (c) TEM images for collapsed SWCNT, DWCNT and TWCNT, respectively. (d), (e) and (f) TEM 
images for uncollapsed SWCNT, DWCNT and TWCNT, respectively. Kinked, folded and twisted deformation parts 
are shown in collapsed nanotubes, indicating they are collapsed to corresponding bi-layer, four-layer, six-layer and 
multi-layer closed edge graphene nano-ribbons. The uncollapsed nanotubes are identified by their straight geometry, 
with typically smaller diameters than that of collapsed nanotubes. 
As shown in Figure 5.5(b), the presence of the twisted collapsed nanotubes is usually 
observed to be freestanding, which suggests the translations between the innermost two walls 
achieves a favorable lattice stacking which prevents the twisted ribbon from untwisting.
115  
In 
order to better understand the difference of the structural characteristics between the collapsed 
and uncollapsed nanotubes in the TEM images, TEM pictures of the uncollapsed SWCNT, 
DWCNT and TWCNT are also provided in Figure 5.5 (d-f) for comparison with the collapsed 
ones. We have assumed that the uncollapsed nanotubes are observed as straight structures 
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without kinks and bends. The diameters of the uncollapsed SWCNT, DWCNT and TWCNT are 
observed to be 3.6 nm, 6.3 nm and 7.1 nm, respectively, smaller than the observed widths of the 
collapsed nanotubes as expected. These structural and morphological features of the collapsed 
and uncollapsed nanotubes are utilized to distinguish these two counterparts during collection of 
their counts and performing the statistics detailed in the following discussion. More TEM pictures 
showing the collapsed nanotube features are provided in Figure 5.6. 
 
Figure 5.5 AFM height measurements of the collapsed CNTs. 
(a), (c) and (e) AFM images of collapsed SWCNT, DWCNT and TWCNT. Ribbon-like structures are shown in AFM 
images. (b), (d) and (f) The height profiles of the corresponding collapsed SWCNT, DWCNT and TWCNT. Height 
measurements were taken along the corresponding colored lines indicated in the AFM images. 
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Figure 5.6 HRTEM images of the collapsed nanotubes.  
(a), (b), (c), (d) Collapsed SWCNTs with bended, kinked and flattened features in their structures, as 
noted by the arrows. The widths of CE2GNRs as noted by A, B1, B2, C and D in images are measured to 
be 3.5 nm, 4.1 nm, 4.1 nm, 3.2 nm and 5 nm, respectively. After conversion into cylindrical diameters 
using equation provided in Fig. 5b, their original diameters are 2.4 nm, 3.4 nm, 3.4 nm, 2.1 nm and 
3.3 nm, respectively, which are around 
exp
eqeD for CE2GNR 2.64 nm. (e) A center-flattened collapsed 
DWCNT with cantilevered shape. More than four layers can be observed in the center-flattened 
region. The extra lattice planes might be attributed to the appearance of the bulbs on only one side of 
the tube image.  The width of CE4GNR as noted by E in image is measured to be 7.2 nm. Likewise, its 
original after conversion is 4.9 nm, larger than 
exp
eqeD for CE4GNR 4.02 nm. (f) Cross-sections of two 
collapsed TWCNTs with ‘dog-bone’ geometries.  
Tapping-mode AFM was used to study the collapsed structure of carbon nanotubes. A 
suspension of nanotubes was prepared by bath sonication in dichloroethane solution. 
Subsequently, a drop of the suspension was spin-coated onto the surface of a cleaned silicon 
wafer and dried at room temperature. The sample was analyzed by AFM (Digital Instruments, 
Nanoscope III Veeco Metrology Group, Santa Barbara, CA) using a TETRA 1 /Au tip (K•TEK 
Nanotechnology LLC, Digital Instruments). The number of walls of a collapsed nanotube is 
defined from the height measurement information. It is known that the height of single graphene 
layer is around 0.34 nm, which is also the interlayer distance of graphite. Thus we infer that the 
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heights of the fully collapsed SWCNT (bi-layer graphene), DWCNT (four-layer graphene), 
TWCNT (six-layer graphene) and four-walled nanotube (eight-layer graphene) are around 0.7 
nm, 1.4 nm, 2.0 nm and 2.7 nm, respectively, which we use for the following estimation of the 
number of walls for collapsed nanotubes. Our approximation is consistent with the definition for 
number of layers reported by Yu et al.
122
 Shown in Figure 5.5 (a-c) are AFM height images of a 
collapsed SWCNT, DWCNT and TWCNT, respectively. Their corresponding height profiles are 
presented in Figs. 3b, d and f. Images are shown in same height scale on each nanotube. The 
heights were measured along the correspondingly lines marked at three different set points along 
the nanotube length. The length of collapsed nanotubes in these images are typically 1~2.  μm, 
much shorter than the CNT carpet height, probably due to cutting off during the sonication 
process. As shown in Figure 5.5 (b), the heights in three different regions are 0.6 nm, 0.8 nm and 
0.7 nm, respectively, corresponding to two closely stacked graphene layers. Height averaging 
along the length of the nanotube with a SIMAGIS software package (Carbon Nanotube Length, 
Height, Curvature, and Aspect Ratio Analysis. Ver. 2. Nanotechnology. Smart Imaging 
Technologies, Houston, Texas) provides an average height of 0.7 nm. (More detailed information 
on measuring average height of nanotube by SIMAGIS can be founded in Figure 5.7 and Table 
5-2) This strongly indicates that the SWCNT has fully collapsed into a closed edged bi-layer 
graphene nano-ribbon. A collapsed DWCNT with a length of ~  μm is shown in Figure 5.5 (c), 
and the deformed parts that change the orientations of the nanotube are visible. The AFM section 
analysis shows the height of the nanotube is in the range of 1.4 to 1.7 nm, and a SIMAGIS 
average measurement gives an average height of ~1.3 nm, consistent with the height of a 
flattened DWCNT. When measuring a collapsed TWCNT, the AFM section analysis and a 
SIMAGIS measurement give an average height of 2.1 nm, which is consistent with the height of 
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a fully collapsed TWCNT. The contrast variation shown in each AFM height image (Figure 5.5 
(a, c and e)) is also consistent, indicating the additional carbon layers in the collapsed DWCNTs 
and TWCNTs.    
 
Figure 5.7 Height measurement of carbon nanotube using AFM.  
Nanotube height averaging along the length measured by a SIMAGIS software package (Carbon 
Nanotube Length, Height, Curvature, and Aspect Ratio Analysis. Ver. 2. Nanotechnology. Smart 
Imaging Technologies, Houston, Texas). After importing the original AFM image, SIMAGIS is able to 
divide the entire nanotube length into a number of short tube sections on CE2GNR (a), CE4GNR (c) 
and CE6GNR (e). The derived statistics of the average height distribution of sections for 
corresponding CE2GNR (b), CE4GNR (d) and CE6GNR (f) measured by SIMAGIS software. 
 
 112 
 
Table 5-2 Detailed information in the height measurements of the collapsed structures (CE2GNR, 
CE4GNR and CE6GNR) shown in Figure 5.7 provided by SIMAGIS software package 
Analyzed 
tube 
Number of 
divided tubes 
Minimum 
height (nm) 
Maximum 
height (nm) 
Average 
height (nm) 
Standard 
deviation 
CE2GNR 11 0.61 0.77 0.71 0.0
5 
CE4GNR 12 0.79 1.69 1.33 0.2
9 
CE6GNR 18 1.81 2.28 2.10 0.1
2 
 
5.3.2. Fitting the size distribution of SWCNT and DWCNT 
According to the structural identifiers for distinguishing the two different structures, 
we collected the total counts of collapsed and uncollapsed SWCNTs and DWCNTs from 
hundreds of HRTEM images. Coexistence of collapsed and uncollapsed structures can 
usually be found in one image. Sum counts of 641 SWCNTs have been collected, in 
which the collapsed and uncollapsed SWCNTs account for 44% and 56%, respectively. 
Likewise, 650 DWCNTs have been counted, in which the collapsed and uncollapsed 
DWCNTs account for 53% and 47%, respectively. The fitting curves for the size 
distribution of the uncollapsed nanotubes (diameters of SWCNTs or DWCNTs) and the 
collapsed nanotubes (measured width of CE2GNR or CE4GNR) are plotted in Figure 5.8.  
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Figure 5.8 The fitting curves for the size distribution of the collapsed and uncollapsed nanotubes. 
(a) Size distribution of uncollapsed SWCNTs (diameters) and collapsed SWCNTs (CE2GNR). (b) Size 
distribution of uncollapsed DWCNTs (diameters) and collapsed DWCNTs (CE4GNR).  Column bars 
showing the counts versus diameters of each structure are fitted by the corresponding colored 
curves (blue and solid line for the uncollapsed structures, red and dash line for the collapsed 
structures). 
In order to convert the widths of the collapsed SWCNTs and DWCNTs to the 
diameters of its uncollapsed state, we generated collapsed and uncollapsed SWCNTs with 
different diameters and optimized the geometry using molecular dynamics simulations 
implemented in LAMMPS (shown in Figure 5.9 (a)). The Van der Waals interaction 
energy reaches a maximum when the distance of two opposing walls get close to 0.34 nm 
(as shown in the inset in Figure 5.9 (a)), which is the interlayer spacing of adjacent sheets 
in a graphite crystal. The height of the highly strained bulbs on the two edges is found to 
be a constant around 0.49 nm independent of the initial nanotube diameter (Figure 5.9 
(a)), which is comparable to the diameter of C60 (0.7 nm).
123
 Therefore, the width of the 
fully collapsed structure is linearly dependent on the width of the flattened region which 
is set by its diameter as a cylinder. Using optimized geometries we found linear 
relationship between the width of collapsed form and diameter of cylindrical form of the 
free standing SWCNTs (Figure 5.9 (b)). The same procedure was performed for SWCNT 
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and DWCNT on a substrate (as a model of a substrate we used a graphene plane for 
simplicity). 
 
Figure 5.9 Linear relationship between the width of collapsed form and diameter of cylindrical form of the 
free standing SWCNTs. 
(a) Uncollapsed and collapsed SWCNTs with different diameters in free space generated by LAMMPS 
molecular dynamics simulation. The geometry of a collapsed SWCNT consists of two highly strained bulbs 
on the two edges and a collapsed region where the two opposing walls are flattened and stabilized due to 
the Van der Waals interaction, leaving the interlayer distance as 3.4 Å . The heights of the two edged bulbs 
are found to be a constant around 4.9 Å  independent of initial diameter of the nanotube. The height of the 
bulb is comparable in size to C60 molecular. (b) The linear relationships between measured width (W) and 
original cylindrical diameter (D) for uncollapsed and collapsed structures in free space ((SWCNT, 
DWCNT), (CE2GNR) and (CE4GNR)) and on a substrate ((SWCNT on substrate) and (CE2GNR on 
substrate)) are shown by the straight lines and their corresponding equations. For simple comparison, a 
conversion equation of W πD/2 is given if the formation of highly strained bulbs is not taken into account. 
 
Using those equations, the measured widths of collapsed SWCNTs and DWCNTs in 
Figure 5.1 were converted into the diameters in their uncollapsed state. Figure 5.11 shows 
the resulting distribution of diameters of collapsed and uncollapsed SWCNTs and 
DWCNTs and their sum. The cross-section point of the fitting curves of uncollapsed and 
collapsed structures is taken to represent the equivalent energy point (referred to as expeqeD
), at which there is no energy difference between the collapsed and uncollapsed nanotube. 
Below expeqeD , the cylindrical tube is the energetically favorable geometry, whereas the 
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collapsed structure becomes energetically more stable when the diameter is above expeqeD  
because the Van der Waals force between two walls will exceed bond bending stiffness. 
The expeqeD values for SWCNT and DWCNT are found to be 2.6 nm and 4.0 nm, 
respectively, from our experimental fitting. This determination of equal energies for the 
two structures assumes that they are in thermodynamic equilibrium with each other. It is 
also likely that the equilibrium temperature is close to the growth temperature, 750°C, 
with the respective structure populations frozen by the rapid cooling of the sample. It is 
possible that the measured equivalent energy point is affected by the experimental 
miscounting of uncollapsed nanotubes since a collapsed tube can appear straight in TEM 
images. A sensitivity check of the energy equivalence point to miscounting was carried 
out by assuming that miscount of nanotubes may have occurred for nanotubes greater 
than 1.5 nm with the miscount increasing linearly by diameter up to 50% at a diameter of 
6 nm. For this degree of miscounting the energy equivalence point was found to decrease 
by only 0.1 nm. Calculations for different miscounts are shown in Figure 5.10.  
 
Figure 5.10 Calculations for different miscounts. 
(a) Variation of
exp
eqeD for CE2GNR with the increase of the percentage of the miscount for 
uncollapsed and collapsed SWCNTs, which might be caused by the misidentification from the TEM 
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images. (b) Closed-up image of the cross-section region in (a) clearly shows 
exp
eqeD doesn’t change 
much from the value indicated in the manuscript which is shown by the cross-section point of the 
solid lines. 
The structures corresponding to the diameters shown by A, B, C and D in Figure 
5.11 (a) can be found in Figure 5.9 (a). Larger critical diameter for DWCNT than that for 
SWCNT can be interpreted from an energy point of view. Upon collapsing, the graphitic 
layers will increase their bending energy by forming the two-edged highly strained bulbs 
at the expense of the attractive Van der Waals energy obtained by the innermost walls. 
The increase of the deformation energy from forming bulbs happens to each graphitic 
layer, whereas only the innermost walls gain the attractive energy. Therefore, the 
compensation to the increase of the deformation energy requires the increase of the Deqe 
with increasing the number of walls.
111b, 111i
 The fractions of the uncollapsed and 
collapsed SWCNTs and DWCNTs versus their diameters are shown on the top in Figure 
5.11 (a) and (c), from which we can tell the population changing of the uncollapsed and 
collapsed structures below and above the expeqeD . Moreover, given a certain diameter, the 
fraction of each structure as part of the sum is shown.  
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Figure 5.11 Fraction of uncollapsed and collapsed SWCNT (a) and DWCNT (c) versus diameters in the 
sum (b, d). 
The resulting diameter distributions of uncollapsed (SWNT and DWNT shown by blue fitting curves) 
and collapsed structures (CE2GNR and CE4GNR shown by red fitting curves) and their sum (shown by 
green fitting curves) after conversion of measured widths of the collapsed structures into the 
cylindrical diameters using the equations for CE2GNR and CE4GNR shown in Figure 5.9 (b). Cross-
section point of the fitting curves for uncollapsed and collapsed structure corresponds to the critical 
diameter (
exp
eqeD ) (‘exp’ represents that the diameter is obtained from experimental data, ‘eqe’ 
represents the equivalent energy point), above which the collapsed form of SWCNT or DWCNT is 
energetically favorable. From the fitting of our experimental data, the 
exp
eqeD s for SWCNT and DWCNT 
are found to be 2.6 nm and 4.0 nm, respectively. 
Using molecular dynamics with AIREBO potential (torsion term excluded to gain 
reasonable bending modulus of k=1.4 eV) we performed energy calculations for 
collapsed and uncollapsed tubes of different diameters, as shown in Figure 5.12. The 
energy of Van der Waals interaction can be adjusted (in our simulations it was 
represented by depth of minima of Lennard-Jones potential) in order to match 
cal
eqeD  with 
exp
eqeD . It was found that value of εVdW = 54 meV/pair is the best to achieve this goal. For 
DWCNT we used the same parameters as for SWCNT and obtained good agreement with 
experimental data. The calculated energy changing of uncollapsed and collapsed structure 
around the equivalent energy point is consistent with other studies.
111d, 111f, 111j 
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Figure 5.12 Energy calculations for collapsed and uncollapsed tubes. 
Calculated energy for uncollapsed and collapsed SWCNT (a) and DWCNT (b) with different diameters 
in free space by performing LAMMPS molecular dynamics with AIREBO potential (no torsion term). 
The energies of uncollapsed SWCNT and DWCNT are shown by blue curves, and the energies of 
collapsed SWCNT and DWCNT are shown by red curves. By using van der Waals interaction energy 
ε=53.6 meV/pair, the calculated diameter 
cal
eqeD  (‘cal’ represents the diameter that is obtained from 
calculation, ‘eqe’ represents the equivalent energy point) corresponds very well to the 
exp
eqeD  for both 
SWCNT and DWCNT. 
 Energy calculations are also performed for the SWCNT on a single-layer graphene 
substrate. The 
cal
eqeD  for it was found to be 1.9 nm, smaller than that of SWCNT in free 
space, which suggests that the substrate enhances the stability of the collapsed structure, 
consistent with the results reported by Yu et al.
122
 As shown in the upper geometry in 
Figure 5.12, the Van der Waals interaction between the cylindrical SWCNT and substrate 
can distort its circular shape and induce a radial deformation. On the other hand, the rigid 
circular shape still tends to be maintained to the maximum extent at smaller tube 
diameters. The interplay between the surface Van der Waals interaction and the rigid 
bond bending stiffness results in a partial collapsed and elliptical geometry.
111c
 The 
heights of the edged bulbs of the fully flattened SWCNT on a substrate are found to be 
0.75 nm from the substrate surface, which is about twice of the height of a single-layer 
graphene on substrate. 
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Figure 5.13 Calculated energy for uncollapsed and collapsed SWCNT on a single-layer graphene 
substrate.  
cal
eqeD  of SWCNT on a substrate is around 1.89 nm, smaller than the 
exp
eqeD  of SWCNT in free space. 
Energies of uncollapsed and collapsed SWCNT on a substrate versus diameters are shown by blue 
and red lines, respectively. Correspondingly, their uncollapsed and collapsed geometries are also 
shown next to the energy curve. 
Figure 5.14 shows the diameter distributions of SWCNT, DWCNT and catalyst 
particles. The particles playing the catalytic role in growing nanotubes are iron particles 
reduced from the metal oxide state. Their size distribution is calculated for the iron only 
size from the metal oxide particle size distribution and percent of iron in the oxide and 
the density of Fe (7.8 g/ml) and AlFe2O4 (4.6 g/ml). Compared to the initial mono-
disperse nanoparticles, the broadened size distribution of the SWCNTs and DWCNTs is a 
strong indication that Ostwald ripening, where some particles grow larger and some 
smaller, takes place during the pre-heating, reduction and growth process. Also clearly, 
the growth of double-walled nanotubes is strongly favored at larger diameters. 
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Figure 5.14 Size distributions of the catalyst particles, sum of the SWCNTs and sum of the DWCNTs.  
Size distribution of iron only catalyst particles (Fe) is obtained from that of the metal oxide particles 
(AlFe2O4). 
5.4. Conclusion 
In summary, large diameter few-walled carbon nanotubes (CNTs) have been 
produced using nearly mono-dispersed preformed aluminum ferrite nanoparticles with an 
average diameter of 4.0 ± 0.4 nm. CNTs with sufficiently large diameter are observed to 
collapse into closed edged graphene nano-ribbons (CExGNR), including collapsed 
SWCNT, DWCNT and TWCNT). TEM characterization of CExGNR, collapsed versus 
uncollapsed used the presence of kinked, folded or twisted deformations as an indicator 
that a carbon nanotube has collapsed into a ribbon-like structure, while uncollapsed are 
identified by a lack of such structures and are typically observed to be straight. Using the 
structural identifiers, diameters and measured widths of abundant collapsed and 
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uncollapsed SWCNT and DWCNT have been collected from TEM images. By 
experimentally fitting the size distribution and computationally calculating the energy of 
the uncollapsed and collapsed SWCNT and DWCNT, a zero energy difference between 
the two forms for SWCNT and DWCNT is found at 2.6 nm and 4.0 nm, respectively, 
with the assumption equilibrium between the two states. Theory also indicates that the 
Deqe is even smaller for tubes sitting on a surface, i.e. 1.9 nm for a SWCNT sitting on a 
graphene surface. The assignment of equal energy for the two structures at a diameter 
where the populations of both are equal makes the assumption that the two structures are 
in thermodynamic equilibrium at a temperature that is likely to be near the growth 
temperature of 750°C since the sample is rapidly cooled to room temperature from the 
growth temperature. This also assumes that the population change of the uncollapsed and 
collapsed SWCNT and DWCNT around the equal energy diameter provides a measure of 
the fraction of each structure for specific diameters at the growth temperature.  
Of significant interest is that collapsed nanotubes provide a route to well-defined two, 
four etc. layered graphene nano-ribbons with a well-defined edge. It is of great interest 
and a considerable challenge to further experimentally characterize the CExGNTs 
electrically and optically and determine whether the original chirality of an uncollapsed 
tube influences the properties of the collapsed graphene nano-ribbon. Because the edges 
are highly strained it is also likely that one can selectively functionalize the edges to 
further effect interesting electrical and optical changes.   
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Chapter 6 
High Temperature Decomposition of 
Cerium Precursors to Form Cerium 
oxide nanocrystals 
6.1. Introduction 
Cerium oxide (ceria, CeO2) is a rare earth metal oxide with a cubic fluorite structure 
that contains ceria in two different oxidation states, Cerium (III) and Cerium (IV).  This 
mixed valency is thought to arise from surface defects which can store, release and 
transport oxygen and oxygen vacancies, a set of properties that has led ceria to be 
referred to as an “oxygen buffer”.2a, 21, 124 Nanocrystalline ceria finds application in 
commerce as an ultraviolet absorber, oxygen ion conductor, solar cell, and anode for 
solid oxide fuel cells.
22a, 54
 Recently, the oxygen buffering capability of ceria has been 
shown to protect biological systems from oxidative stress and radiation damage.
31, 56, 61a, 
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61g, 66-67, 125 
The Cerium (III) presumably available at nanoparticle surfaces reacts with 
reactive oxygen species in water; over time, and in some cases quite slowly, the Cerium 
(IV) reverts back to its original state in a manner suggestive of a catalytic process.
31, 61a, 66, 
125a-d
  
Both the surface passivation chemistry and Cerium (III) content of nanocrystals can 
greatly influence their anti-oxidation properties.
31, 67, 125c
 Studies of these structure-
function relationships have to date relied on nanoparticles of ceria formed in aqueous 
solutions via either coprecipitation, microemulsion or hydrothermal routes.
31, 55-56, 61a, 61g, 
66-67, 125
 Tarnuzzer et al prepared cerium oxide nanoparticles from 2 to 5nm and showed 
they could protect against radiation induced cell damage.
61a
 Chen et al used similarly 
prepared cerium oxide nanoparticles to prevent retinal degeneration caused by reactive 
oxygen intermediates.
125d
  Later, various surface agents (e.g. Dextran, polyacrylic acid 
(PAA), polyethylene glycol (PEG)) were used to sterically stabilize cerium oxide 
nanoparticles in the most relevant biological media.
66-67, 125e
 Changes in the antioxidant 
properties of the materials were noted as the surface chemistry was altered; coatings on 
particles can in principle interfere with the electron transfer between surface Cerium (III) 
and solution oxidants.  Few studies have comprehensively examined the role of 
nanoparticle size on antioxidant properties.  However, comparisons between two different 
sizes of ceria suggest smaller materials are more reactive, presumably because they 
contain more Cerium (III).
55
  
Systematic studies of the role of nanocrystal size, shape, and surface chemistry in the 
antioxidant properties of ceria require the development of uniform materials with broadly 
tunable features.  One route to forming such libraries is through the thermal 
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decomposition of ceria precursors in organic solvents.  At temperature in excess of 200 
o
C, these precursors decompose to form ceria particles that are non-aggregated, uniform 
(σ < 10%) and highly crystalline.17, 126 The molar ratio of cerium starting material to 
surfactant has a moderate influence on nanoparticle size as well as shape.
33
 Gu et al 
synthesized 5 to 20 nm diameter ceria nanocrystals from cerium oleate and oleic acid in 
various solvents at high temperature.
32a
 With the addition of oleylamine, Wang et al 
showed that the same could yield flower-shaped and cube-shaped cerium oxide 
nanocrystals.
34
 Ahniyaz et al reported larger dumbbell and rod-shaped ceria using cerium 
oleate and octadecylamine.
35
 To produce material libraries for antioxidant studies, 
however, requires new reaction conditions optimized in particular for spherical, and 
larger (d > 8 nm) crystallites.  
One outstanding question is whether nanocrystalline ceria formed in the processes 
described above can be applied as an antioxidant in water. One issue is whether these 
materials contain sufficient Cerium (III) to react with species such as peroxides; while the 
precursors can contain both Cerium (III) and Cerium (IV), the oxidation states of ceria in 
the particles synthesized by high temperature metal precursor decomposition in organic 
media has never been reported.  Also, because the crystallites nucleate and grow in 
organic solutions they must be phase transferred into water for biological applications; 
such a phase transfer is in principle not difficult as many similar metal oxide nanocrystals 
have been shown to generate stable, aqueous suspensions after treatment with the 
appropriate surface agent.
3a, 63
 However, after such a transfer process the inorganic ceria 
interface will be covered with an organic coating and a layer of tightly bound surfactant 
(e.g. oleylamine). This organic interface could preclude electron transfer between 
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oxidants in solution and the cerium (III) at the nanoparticle surface, rendering the 
materials effectively inert.  Indeed, such an explanation is generally offered to explain the 
reduced cytotoxicity of nanocrystalline ceria.
66, 125c, 125i
 
Here we report that nanocrystalline ceria produced from the thermal decomposition of 
cerium precursors can act as an antioxidant in aqueous suspensions.  Materials were 
produced from several cerium precursors, and through the addition of co-surfactants and 
water it was possible to form crystallites from 3 to 10 nanometers in diameter. The 
Cerium (III) content of these nanocrystals synthesized by high temperature 
decomposition of cerium precursors in organic media was measured for the first time, and 
was comparable to those found for ceria formed directly in water.  Like other metal 
oxides formed in similar routes, these nanocrystalline ceria materials could be efficiently 
transferred into water using phase transfer agents.  These water suspensions remained 
clear and homogeneous even after Cerium (III) at the particle surface reacted with 
hydrogen peroxide.  The extent of the Cerium (III) conversion to Cerium (IV) depended 
on the initial concentration of Cerium (III) in the nanocrystals.  These data suggest that 
nanocrystalline ceria formed from the thermal decomposition of precursors in organic 
solutions may be suitable for biological applications.  Additionally, the uniformity of the 
products offers materials that can be used to probe how nanocrystal structure may affect 
antioxidant and toxicological behavior. 
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6.2. Experimental Methods 
6.2.1.  Chemicals 
Cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O (99 %), cerium acetylacetonate 
hydrate (Ce(acac)3), cerium (IV) hydroxide (Ce(OH)4), oleic acid (technical grade, 90 
%), oleylamine (technical grade, 70%), octadecylamine (technical grade, 90 %), 1,2-
hexadecanediol (HDD, technical grade, 90 %), 1-octadecene (ODE, technical grade, 90 
%), poly (acrylic acid) (PAA, Mw = 1800), and octylamine (99 %) were purchased from 
Sigma-Aldrich; Sodium bicarbonate and dimethylformamide (DMF) were purchased 
from Fischer Scientific; 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride 
(EDC) was purchased from Thermo Scientific; H2O2 (30 % (w/w)) and HNO3 were 
purchased from Fisher Scientific. All ceria nanocrystals were synthesized under ultrahigh 
purity nitrogen. The CellTiter 96(R) Aqueous One Solution Cell Proliferation Assay 
(MTS assay, Promega) was used as received. 
6.2.2. Instrumentation 
6.2.2.1.  X-ray diffraction (XRD), X-ray photoelectron spectroscope (XPS), 
and small angle X-ray scattering (SAXS) 
X-ray powder diffraction (XRD) patterns were recorded using a Rigaku D/Max 
Ultima II with a zero-back ground sample holder. 2 range was from 10 to 80 degree 
with a Cu K radiation (1.54 Å ). The X-ray was generated at 40 kV and 40 mA. XPS 
data were collected using a PHI Quantera XPS with a monochromatic Aluminum 38.6 W 
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X-ray source and 200.0 µm X-ray spot size with a pass energy of 26.00 eV at 45.0°. 
Small angle X-ray scattering analysis was conducted by RIGAKU SMARTLAB. 0.8 mm 
diameter capillary tube was used for sampling, and data was collected at 2 range from 
0.15 to 4 degrees with Cu K radiation. 
6.2.2.2. Dynamic light scattering (DLS) analysis 
The hydrodynamic diameters of cerium oxide nanocrystal with various sizes coated 
with PAAOA and OA was measured. Cerium oxide nanocrystals in pH 7 and 9 solutions 
were analyzed with Malvern Nano ZS system by Malvern Instruments (Malvern 
Zetasizer Nanoseries, Malvern, UK) operated at 25 C. All average size was obtained 
over 3 times with minimum intensity of 200,000 cps. 
6.2.2.3. Transmission Electron Microscope (TEM) 
TEM specimens were made by evaporating one drop of cerium oxide nanocrystal 
solution onto ultrathin carbon type-A 400 mesh copper grids (Ted Pella Inc.). The TEM 
micrographs were taken by a JEOL 2100 field emission gun TEM operating at 200 kV 
with a single tilt holder. The size and size distribution data were obtained by counting 
>1000 nanocrystalline particles using Image-Pro Plus 5.0 (Media Cybernetics, Inc., 
Silver Spring, MD). With large sampling sizes, both average size and size distributions 
are only minimally affected by population size.
84
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6.2.2.4. Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) 
To measure the cerium concentration of water-soluble cerium oxide nanocrystal, ICP-
AES was carried out using a Perkin Elmer ICP-AES instrument equipped with 
autosampler. ICP-AES samples were prepared by digestion of aqueous fractions using 
HNO3 (99 %) and H2O2 (30 %) in a 5 ml of diluted cerium oxide nanocrystal sample. In 
all cases, cerium oxide nanocrystal ICP samples were 500 times diluted solution. The 
solution volume was decreased by heating (approximately 100 C) to a fourth of its 
original volume. When the solution was dried to about 1/4 volume, 100µl nitric acid was 
added. The obtained sample was treated with further addition of 50 µl of nitric acid and 1 
ml of H2O2 until effervescence was minimal, indicating full dissolution and ionization of 
the ceria. The resulting colorless solution was transferred into a 5 ml volumetric flask and 
then diluted to 5 ml using deionized water. 
6.2.3. Synthesis of Cerium oxide nanocrystal: precursor effect  
6.2.3.1. Cerium oxide nanocrystal from Ce(acac)3 
Ce(acac)3 (0.437 g, 1.0 mmol), 1,2-hexadecanediol (1.292g, 5.0 mmol), and 
oleylamine (0.802g, 3.0 mmol) were mixed in 5.0 g of ODE at room temperature. The 
solution was stirred at 80 
o
C for 30 min and then heated to 315 C  for 2 h. Ceria 
nanocrystals were formed at 280 
oC, and the narrowest distribution (σ < 10%) was found 
at 315 
o
C. 
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6.2.3.2. Cerium oxide nanocrystal from Ce-oleylamine 
Cerium oleate was prepared from a mixture of Ce(NO3)3·6H2O (4.34 g, 10.0 mmol) 
and oleylamine (8.02 g, 30.0 mmol) in 20 g of ODE at 80 C for 3h. The resulting yellow 
precipitate was washed using ethanol, acetone and dissolved in hexane. Cerium oxide 
nanocrystal was synthesized using cerium oleate precursor (5.0 ml, [Ce] = 5.0 mg/ml) 
with varying amounts of oleylamine (from 0.5 to 4.0 mmol) in 5.0 g of ODE at 260 C 
for 2 h.  
 
6.2.3.3. Cerium oxide nanocrystal from Ce(NO3)3·6H2O 
Ce(NO3)3·6H2O was also used for near-spherical cerium oxide nanocrystal. 
Ce(NO3)3·6H2O (0.434 g, 1.0 mmol) and oleylamine (0.802 g, 3.0 mmol) were added to 
4.0 g of ODE at room temperature. The mixture was stirred at 80 C for 30 min until a 
clear brownish yellow solution was formed. The resulting solution was then heated to 260 
C for 2 h. The size of cerium oxide nanocrystal increased modestly (e.g. 1 nm) as the 
temperature (from 230 to 300 C) and the heating time (from 1 to 6 h) increased. A 
higher concentration of cerium-oleylamine monomer, as well as the addition of water and 
octadecylamine (from 1.5 to 15 mmol) provided the best control over the final crystallite 
sizes. 
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6.2.3.4. Cerium oxide nanocrystal from Ce(OH)4 
CeOH4 (0.16 g, 1 mmol) was mixed with oleylamine (0.802 g, 3.0 mmol) in 4.0 g of 
ODE at room temperature. The mixture started dissolving after 180 
o
C and changing 
color to pale purple at 260 
o
C. This colloidal solution was heated at 260 
o
C for 2 h. The 
synthesized nanocrystals were polydisperse. 
6.2.4. Synthesis of Cerium oxide nanocrystal: concentration of monomer 
effect 
The molar ratio between Ce(NO3)3·6H2O and surfactants (oleylamine and/or 
octadecylamine) was fixed at 1:3. The high molar concentration of cerium nitrate 
hexahydrate (from 1.0 to 10.0 mmol) and oleylamine (from 3.0 to 30.0 mmol) was mixed 
in 10 g of ODE at 80 C for 30 min, forming a brownish yellow mixture. After that, the 
temperature was increased to 260 
o
C for 2 h.  
6.2.5. Synthesis of Cerium oxide nanocrystal: water as an additive  
Ce(NO3)3·6H2O (from 1.0 to 10 mmol), oleylamine (from 3 to 30 mmol) or 
oleylamine (from 1.5 to 15 mmol) with octadecylamine (from 1.5 to 15 mmol), 4.0 g of 
ODE and distilled water (from 4 to 40 mmol) were mixed at 80 C for 30 min. The 
mixture was heated to 260 C and then aged for 2 h. Highly monodispersed and large 
cerium oxide nanocrystal resulted with the addition of water.  
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6.2.6. Synthesis of Cerium oxide nanocrystal: octadecylamine addition 
1.0 mmol of Ce(NO3)3·6H2O, 1.5 mmol of oleylamine and 1.5 mmol of 
octadecylamine were dissolved in 4.0 g of ODE at 80 C for 30 min; after raising the 
temperature to 260 C the reaction was allowed to sit for 2 h. For large cerium oxide 
nanocrystal, high concentration of cerium precursor (from 1 to 10 mmol) with oleylamine 
(from 1.5 to 15 mmol) and octadecylamine (from 1.5 to 15 mmol) were used. 
6.2.7. Star, flower-shaped cerium oxide nanocrystal  
Ce(NO3)3·6H2O (0.434g, 1.0 mmol) and oleic acid (0.847 g, 3.0 mmol) and 4.0 g of 
ODE were stirred at room temperature. The mixture was heated to 80 C resulting in a 
yellow solution which contains cerium-oleate complex. The solution was further heated 
to various temperature (from 230 C to 300 C) followed with the injection of oleylamine 
(0.802 g, 3.0 mmol), and aged at the same temperature for desired reaction time (from 30 
min to 6 h). In case of using Ce(acac)3 as a precursor, Ce(acac)3 (0.437 g, 1.0 mmol), 1,2-
hexadecanediol (1.292g, 5.0 mmol), oleylamine (0.802g, 3.0 mmol), and oleic acid 
(0.847 g, 3.0 mmol) were used at the same condition mentioned above. 
6.2.8. Purification of nanocrystalline ceria 
The nanocrystals (1g) were purified by addition of 25 ml of methanol and 25 ml of 
acetone; the solutions were centrifuged and redispersed at least 5 times to remove 
unreacted cerium salt, surfactants, and ODE. Highly purified nanocrystalline ceria was 
re-dispersed in hexane and centrifuged at 4500 rpm for 30 min. The purified brown-black 
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ceria nanocrystals could be readily dispersed in other non-polar solvents, such as 
chloroform, THF, and toluene. 
6.2.9. Preparation of water-soluble cerium oxide nanocrystal 
Water-soluble cerium oxide nanocrystal was produced by using two phase transfer 
agents: an amphiphilic copolymer (PAAOA) and a fatty acid (oleic acid). Ultrapure water 
( ILLI ORE, 18.2 Ωcm) was used for the phase transfer of cerium oxide nanocrystal. 
6.2.9.1. Synthesis of poly(acrylic acid)-octylamine (PAAOA) amphiphilic 
copolymer.  
0.6 g of poly (acrylic acid) (Mw = 1,800) was dissolved in DMF and reacted with the 
addition of 0.58 g of EDC and 0.5 ml octylamine. The reaction mixture was stirred 
overnight and then, the DMF was removed via rotary evaporation. The resulting oily 
product was precipitated in acidified water and rinsed with water. The copolymer was 
vacuum dried and then re-dispersed in chloroform and made up to the concentration of 15 
mg/ml. 
6.2.9.2. PAAOA coated cerium oxide nanocrystal 
Various amounts of PAAOA (3 to 30 ml) were added to 1 ml of cerium oxide 
nanocrystal/hexane solution (typically, 13.7 and 7.5 mg/ml of near-spherical and star 
cerium oxide nanocrystal, respectively) and stirred at room temperature for 4 h. The 
hexane and chloroform was removed via rotary evaporation. The resulting dried PAAOA 
coated ceria nanocrystals were re-dispersed in 0.1M Na2CO3 (pH ~9) solution. 
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6.2.9.3. Oleic acid coated cerium oxide nanocrystal  
The oleic acid coated cerium oxide nanocrystal was obtained by modifying the 
previously published method from Prakash et al.
12c
  Various amount of oleic acid (10-80 
µl) were stirred with 1 ml of cerium oxide nanocrystal/ethyl ether solution (typically, 5.4 
and 2.0 mg/ml of near-spherical and star-shaped cerium oxide nanocrystal, respectively) 
and 10 ml of ultra pure water. Full dispersion of nanocrystals was insured by application 
of a probe sonicator (UP 50H, Dr.Hielscher) for 5 min at 50 % amplitude and full cycle. 
A clear yellow brown solution was obtained after purification process. Purification of as-
prepared water-soluble cerium oxide nanocrystal was carried out using 
ultracentrifugation (Sorvall Discovery 100 SE Ultracentrifuge) at 40,000 rpm for 4 h, 
followed by syringe filtration (pore size of 0.45 µm, WHATMAN-NYL). This 
purification process was repeated 3 times. 
 
6.2.10. Nanoparticle concentration calculation 
Nanoparticle concentrations are found from analytical measures of total cerium 
concentration in solutions digested with acids. To require an estimate of the weight of a 
single particle we assumed a particle volume of 4/3πr3 where r is the average radius of the 
nanocrystal as determined by TEM measurements of over 1,000 particles; then we took 
the density of CeO2 in the nanoparticle to be equivalent to that of the bulk phase (e.g. 
7.65 g/ml) and could calculate the particle weight.  As an example, the volume of a 5 nm 
diameter particle of CeO2 is 6.54 x 10
-20
 ml, which provides a total mass per particle of 
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5.0 x 10
-19
 g.  Using this data, and Avogadro’s number, we find for a solution  000 ppm 
in Cerium a nanoparticle concentration of 12,221.96 nM. 
6.2.11. Cell viability test using water soluble nanoceria 
Cell Culture: Human dermal fibroblasts (HDF, Cambrex) were purchased from 
Cambrex and cultured in Dulbecco's Modified Eagle's Medium (DMEM, ATCC, 
Manassas, VA), supplemented with 2 mM L-glutamine, 1% penicillin, 1% streptomycin, 
and 10% fetal bovine serum (FBS). Cells were detached from culture with trypsin and re-
suspended in media for passaging to wells. Cells were used at passages 3-6 for 
experiments. 
To evaluate the toxicity using HDF cells in the presence of nanoceria of different 
coatings, sizes and shapes, the standardized colorimetric assay, MTS (CellTiter 96, 
Promega), was used to evaluate mitochondrial activity. HDF cells were grown to 70% 
confluency in 96-well culture plates and introduced to PAAOA-coated near-spherical 
(5.2 nm) and star-shaped (18.5 nm) nanoceria. Nine sets were treated with nine different 
nanoceria concentrations (1, 5, 10, 25, 50, 100, 150, 200, 250 µg/mL); one set was treated 
as a blank and consisted of the solvent with no nanocrystals and the last set was used as 
the untreated control. The treated cells were incubated for 24 and 48 h at 37 ºC under 5% 
CO2. Then, the supernatant containing the nanocrystals was removed from the wells and 
replaced with 100 µL of fresh DMEM that is phenol-red free (Gibco/Invitrogen); 20 µL 
MTS stock solution was added to each well. The MTS assay is reduced by enzymes in 
live cells, producing a purple formazon dye. After incubating at 37 ºC for 1 h, the 
absorbance at 490 nm of the dye produced was measured using a plate reader 
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(SpectraMax M2, Molecular Devices). Each experiment was repeated four times to 
obtain the average value. The LD50 value, which gives the lethal dose required for half of 
the cells to die, was determined by calculating the percent viability of the cells. At the 24 
hr exposure, the LD50 values for near-spherical nanoceria was 16.71 μg/ml; and for star-
shaped nanoceria, 3.55 μg/ml. After 48 hr, star-shaped nanoceria was found to be more 
lethal (Figure S4). Thus, from this assay, larger and sharply-shaped nanocrystals seemed 
to be detrimental to the human cells rather than spherical smaller nanocrystals. 
6.3. Results and Discussion 
In this work, we optimized the thermal decomposition of cerium precursors in organic 
solutions to form a range of cerium oxide particle sizes, shapes, and Cerium (III) content.  
Such control enables the production of cerium oxide nanocrystal libraries with a wide 
range of structures.  Towards this end, we followed a now standard approach to forming 
metal oxide nanocrystals that has been applied to iron oxides, manganese oxides, and 
more recently cerium oxide.
3a, 17, 32a, 33-35, 63, 126-127 
The reaction begins with the dissolution 
of a cerium precursor in a high boiling point and inert organic solvent, in this case 1-
octadecene (ODE).  Specifically for cerium oxide the inclusion of amine surfactants (e.g. 
oleylamine) ensures non-aggregating and uniform sized nanocrystals.
33-35, 127
 At 
temperatures above 200 
o
C the precursors decompose and yield nuclei for cerium oxide 
crystallites.  These crystallites rapidly grow over several hours and consume the available 
soluble cerium.  After cooling the reaction to room temperature, purified nanocrystals can 
be concentrated through repeated centrifugation and dispersion cycles.  
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6.3.1. Diameter control of cerium oxide nanocrystal 
 
Figure 6.1 Near spherical nanocrystalline cerim oxide. 
TEM micrographs (A to D) of cerium oxide nanocrystal and histograms of their corresponding size 
distributions (G to J) for particles counted in (A) to (D), respectively. All scale bars are 20 nm from 
(A) to (D). High resolution TEM micrographs (E and F) were from (A and F), and the scale bars are 2 
and 5 nm, respectively.  Nanocrystalline cerium oxide was synthesized from both Ce(acac)3 as well as 
Ce(NO3)3·6H2O. (A) 2.9 ± 0.2 nm of diameter cerium oxide nanoparticles formed by 1mmol of 
Ce(acac)3 with 5 mmol of 1,2 hexadecanediol and 3 mmol of oleylamine at 315 oC for 2h.  (B) 3.6 ± 0.4 
nm obtained from 1 mmol of Ce(NO3)3·6H2O and 3 mmol of oleylamine, (C) 6.2 ± 1.0 nm prepared 
from 10mmol of Ce(NO3)3·6H2O and 30 mmol of oleylamine, and (D) 9.7 ± 2.6 nm prepared from 
10mmol of Ce(NO3)3·6H2O, 15 mmol of oleylamine, 15 mmol of octadecylamine, and 40 mmol of 
water at 260 oC for 2h.  The inset shows high resolution TEM images of near-spherical cerium oxide 
nanocrystals (E and F); the (111) plane has a 0.31 nm lattice spacing. For all histograms, over 1000 
particles were measured in multiple images and the data compiled using ImagePro. 
Figure 6.1 shows example electron micrographs of materials produced from this 
reaction.  The lattice fringes in the HR-TEM image were indexed to (111) plane of cubic 
fluorite structure of cerium oxide with a plane to plane distance of 0.31 nm, which 
compares well to the 0.32 nm spacing found in bulk ceria.  Nanocrystal diameters 
between 3 to 7 nm could be generated from different kinds of precursors, including 
cerium (III) acetylacetonate hydrate (Ce(acac)3), cerium (III) oleylamine, cerium (III) 
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nitrate (Ce(NO3)3·6H2O) and cerium (IV) hydroxide (Ce(OH)4) (Figure 6.2).  Most 
examples had narrow size distributions and well-dispersed isolated crystallites. The one 
exception was the aggregated materials formed with the hydroxide precursor.  Water may 
be produced by this cerium source, and if bound to the nanoparticle surface it could alter 
the surface charge and promote particle aggregation.
128
 
 
Figure 6.2 Cerium oxide nanocrystals from cerium-oleylamine precursor. 
TEM images of cerium oxide nanocrystal prepared by cerium-oleylamine (5ml, [Ce] = 5 mg/ml) 
decomposition in the presence of oleylamine (from 0.5 to 4 mmol) at 260 oC for 2h. (A to C) Cerium 
oxide nanoparticles synthesized by cerium-oleylamine decomposition with 0.5, 2, 4 mmol of 
oleylamine, respectively. (D to F) Size distribution of cerium oxide nanoparticles from A to C and the 
size is 5.0 ± 0.6, 6.4 ± 0.8, 6.7 ± 1.0 nm, respectively. All scale bars are 20 nm. 
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Figure 6.3 TEM micrographs of cerium oxide nanocrystal synthesized using 2 different cerium 
precursors: cerium oleylamine, and cerium hydroxide.  
Scale bars are all 20 nm. (A) Near-spherical cerium oxide nanocrystal (5.0 ± 0.6 nm) synthesized 
from Ce-oleylamine, (B) Cerium oxide nanoparticles from Ce(OH)4.  
 
Figure 6.4 The x-ray diffractograms of cerium oxide nanocrystals with various sizes and shapes.  
The vertical lines on the bottom are from the JCPDS Card #34-0394. The cerium oxide nanocrystals 
have cubic fluorite structure. (A to C) Near-spherical cerium oxide nanocrystal with 3.6 ± 0.4, 6.6 ± 
1.0, and 9.7 ± 2.6 nm, respectively. (D) Star-shaped cerium oxide nanocrystal with 18.5 ± 2.5 nm. 
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Figure 6.4 shows representative X-ray diffractograms of the solid nanocrystalline 
powders; all peaks match to the cubic fluorite structure (JCPDS Card #34-0394).  The 
intensity of the XRD peaks increased and the widths sharpened as the size of the cerium 
oxide nanocrystal increased. 
Even with significant time and temperature variations, the standard decomposition 
reactions described above yielded materials remarkably constant in size and form. 
Typically, Ce(NO3)3·6H2O and oleylamine were combined in a molar ratio of 1:3 and 
introduced into ODE. At 150 
o
C nanocrystals could be observed in the mixture, with a 
diameter of 4.9 ± 0.9 nm. As the reaction temperature increased, the width of the size 
distribution narrowed up to 260 
o
C as shown in Figure 1B, F and H. However, when the 
reaction was heated above 260 
o
C a broader size distribution was obtained (4.4 ± 0.6 nm 
at 315 
o
C).  At lower temperatures, there is poor exchange of material between 
nanoparticles.  At higher temperature, Ostwald ripening is faster and leads to broadening 
of the distribution due to dissolution of smaller particles and formation of larger particles.  
For these reasons, the reaction time for the cerium precursors had to be carefully 
manipulated to ensure narrow size distributions.  Ceria nanocrystals were formed with 
broad distribution (4.7 ± 1.1 nm) at 260
 o
C after only ten minutes; however, after two 
hours, the distribution became noticeably sharper with a  of 10 %. Further heating lead 
to ripening of nanocrystals as Ostwald ripening became significant.  A notable feature of 
these data, however, is that the average particle diameter remained constant even as the 
size distribution was changing substantially. 
While time and temperature are powerful parameters for optimizing particle 
uniformity, the diameter of the ceria nanocrystals was best manipulated through the 
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inclusion of additives, in particular water and cosurfactants (Figure 1B to 1D).  In 
agreement with past work, we found that an increase in oleylamine, from 1:3 to 1:6, 
resulted in larger and more elliptical nanocrystals.
33
 The cerium precursor concentration 
also was a factor in size control and increasing this concentration a factor of ten could 
double the diameter of the nanocrystals.  A surprising finding was that the addition of 
water had a significant effect on nanocrystal diameter (Figure 1D).  Particle sizes 
generally increased with the addition of more water; however, if too much was added (in 
excess of 40 mmol typically) the resulting nanocrystals were aggregated and poorly 
uniform.  Ould-Ely et al showed the manganese oxide nanocrystal size and shape could 
be manipulated in similar reactions through the addition of water which both enhances 
the solubility of the metal starting material as well as alters its propensity to form 
aggregates (e.g. micelles).
129
 Such phenomena may also be important in the reactions 
studied here.  
The combination of two amine terminated surfactants, oleylamine and 
octadecylamine, produced the largest diameters of cerium oxide. Larger ceria 
nanocrystals (6.0 ± 0.9 nm) were formed if each of these were used together, in constant 
molar ratios.  By including water, nanocrystals of 9.7 ± 2.6 nm diameters could be 
formed. The addition of the cosurfactant increased the growth rate of the nanocrystals. 
For example, when the two amine surfactants were used particles grew from 3 to 10 nm 
in two hours as compared to a growth from 3 to 6 nm in the presence of oleylamine 
alone.  The more rapid nanoparticle growth suggests that the cosurfactants as well as 
water promote the availability of cerium oleate for particle growth. 
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6.3.2. Star- and flower-shaped cerium oxide nanocrystals 
The shape of the nanocrystals was most sensitive to surfactant additives with carboxyl 
functionalities, such as oleic acid (OA). When these were combined with the amine 
surfactants it was possible to form larger star-shaped cerium oxide nanocrystals. Further 
optimization of these conditions yielded flower-shaped materials.  Like the star-shaped 
structures, these materials are much larger in dimensions (d > 10 nm) than the near-
spherical structures (Figure 6.5).  However, an examination of the micrographs shows 
that the shapes result from the aggregation of much smaller crystallites (d < 3 nm).  The 
lattice planes seen in the near-spherical and star-shaped cerium oxide nanocrystals were 
separated by 0.29 nm, corresponding to the interplanar spacing of the (200) faces.  X-ray 
diffraction of the star-shaped cerium oxide nanocrystals (Figure 6.4) shows broad and 
diffuse peaks with lower intensity, consistent with the appearance in the electron 
micrographs. The aggregation of smaller ceria nanocrystals into larger structures was 
observed first by Zhou et al after the decomposition of cerium (IV) ammonium nitrate in 
the presence of both fatty acids and amines.
25
 These different surface analyzers could be 
selectively binding on the different facets, (111) and (100), on the nanocrystals. Between 
two facets, the high energy state of (100) turns to be stabilized by oleic acid because 
carboxyl group is prefer to bind on the (100) surface rather than (111) and hence, leading 
to the growth of nanostructure through (111) with star or flower shape.
22b, 24, 130
 The 
formation of these structures may be mediated by the shielding of repulsive surface 
charge induced by the binding of the amine and carboxylate surfactants; such phenomena 
have been observed with other metal oxide nanocrystals such as titania and zinc oxide.
57b
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Figure 6.5 Evolution of nanocrystalline ceria from spherical to star-shaped. 
 All scale bars are 20 nm (A, B, D, and E) and 2 nm for high resolution TEM images (C and F). (A) 
Near-spherical cerium oxide nanocrystal (3.6 ± 0.4 nm) synthesized by 1 mmol of Ce(NO3)3·6H2O 
with 3 mmol of oleylamine at 260 oC for 2h. (B) Star-shaped cerium oxide nanocrystal (18.5 ± 2.5 nm) 
synthesized by 1 mmol of Ce(NO3)3·6H2O with 3mmol of both oleylamine and oleic acid. (D) Near-
spherical cerium oxide nanocrystal (2.9 ± 0.2 nm) from 1 mmol of Ce(acac)3 with 3 mmol of 
oleylamine. (E) Flower-shaped cerium oxide nanocrystal (12.0 ± 1.4 nm) from 1mmol of Ce(acac)3 
with 3mmol of both oleylamine and oleic acid. (C and F) High resolution TEM image of star-shaped 
(C) and flower-shaped (F) cerium oxide nanocrystal. Both show (200) plane with 0.29 nm lattice 
spacing. For all size histograms, over 1000 particles were measured in multiple images with the use 
of software package ImagePro. 
6.3.3. The content of Cerium (III) in nanocrystals 
In this reaction, both cerium (III) and cerium (IV) precursors are used.  We examined 
whether these starting materials yielded nanocrystals with different concentrations of 
Cerium (III) and found that particle size, rather than precursor source, was the most 
important indicator of Cerium (III) content.  X-ray photoelectron spectroscopy was used 
to quantify the Cerium (III) and Cerium (IV) on the surface of ceria nanocrystals.  
Photoelectron peaks from the Cerium 3d electrons were fit using the method described by 
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Deshpande et al resulting in a measure of the relative ratios of the reduced and oxidized 
cerium.
131
 Figure 6.6 shows an example of this data for five diameters of cerium oxide 
nanocrystals.  In all samples there is a significant level of both Cerium (III) and Cerium 
(IV) indicating that both valence states are present.
25, 87d, 132  
The Cerium (III) content of the smallest cerium oxide nanocrystals produced in this 
synthesis is comparable to that found for materials produced via different synthetic 
strategies.  Specifically, the smallest diameter nanocrystals, about 3.5 nm, had a Cerium 
(III) content of ~45%.  Perez et al reported that 53% of the surface ceria on particles 
produced by coprecipitation was Cerium (III); similarly, 48% of the cerium content in 
nanoparticles formed from ethylenediamine-mediated reactions was Cerium (III) while 
44 % of the cerium in particles formed in microemulsions was reported to be Cerium 
(III).
25, 130a, 133
 
  
 
Figure 6.6 XPS data of cerium oxide nanocrystal with various size and shape.  
As size increases, the intensity of Ce3+ peaks does not change significantly from (A) to (E). (A to D) 
Near-spherical cerium oxide nanocrystal with 3.6 ± 0.4, 6.2 ± 1.0, 6.6 ± 1.0 and 9.7 ± 2.6 nm. (E) Star-
shaped cerium oxide nanocrystal with 18.5 ± 2.5 nm. 
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The calculated atomic percentage of Cerium (III) in these materials decreased from 45 
to 31 % as particle diameter increased from 3.5 to 10 nm.  The dependence of Cerium 
(III) content on particle diameter has been observed before in materials formed in both 
aqueous and hydrothermal routes.
130a, 134
 
 
One explanation is that the surface of very small 
nanocrystals is under enough strain to promote the loss of oxygen from the crystal 
structure.  This can leave behind oxygen vacancies and convert Cerium (IV) to Cerium 
(III).
91
 Alternatively, the presence of Cerium (III) may reflect the starting precursors and 
their interactions with reaction additives. At these temperatures, the free surfactants are 
close to their thermal decomposition temperature and may release both CO and CO2; 
these by-products could reduce the cerium precursors and influence the amount of 
Cerium (III) that is incorporated.
135
  
6.3.4. Transferring the ceria nanocrystals into water  
Cerium oxide nanocrystals prepared at high temperature in organic solvents can only 
be applied in biological systems if they are effectively transferred into water.
136
 Towards 
this end, polyacrylic acid-octyl amine (PAAOA) as well as oleic acid were applied here 
as phase transfer agents.  As shown in the inset of Figure 6.7, the hydrophobic portion of 
these amphiphiles can interact with the hydrophobic surface of the cerium oxide 
nanocrystal.  Figure 6.7 shows the transfer efficiency of two different shapes of cerium 
oxide nanocrystal increases with both the addition of the polymer, PAAOA, as well as the 
surfactant, oleic acid.  If there is not enough of the phase transfer agent, then adequate 
coverage of the hydrophobic surfaces is not possible resulting in poor transfer yields.  
Alternatively, if too much phase transfer agent is added the yield can also decrease.  
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Under these conditions the surfactants are concentrated enough to form micelles, and this 
process competes effectively with bilayer formation.
137
 Under the optimal conditions, 
however, both agents are efficient at particle transfer with yields approaching 80%. 
 
Figure 6.7 Transfer yields of cerium oxide nanocrystal from hexane into water.  
The inset scheme is PAAOA (A), and oleic acid (B) coated cerium oxide nanocrystal. In the each 
scheme, the blue, purple, and yellow dots stand for carboxyl group, amine group, and amide bond, 
respectively. (A) PAAOA coated cerium oxide nanocrystal. Various amounts of PAAOA (3 to 30 ml) 
were added to 1 ml of cerium oxide nanocrystal/hexane solution (typically, 13.7 and 7.5 mg/ml of 
near-spherical and star-shaped cerium oxide nanocrystal, respectively). (B) Oleic acid coated cerium 
oxide nanocrystal. Various amounts of oleic acid (10 to 80 μl) were stirred with 1 ml of cerium oxide 
nanocrystal/ethyl ether solution (typically, 5.4 and 2.0 mg/ml of near-spherical and star cerium 
oxide nanocrystal, respectively) and 10 ml of ultra pure water. The concentration of cerium oxide 
nanocrystal was analyzed via the measurement of atomic ceria using ICP-AES. 
Both imaging and light scattering studies confirm that crystalline, non-aggregating 
materials are present in the aqueous suspensions of ceria nanocrystals. Electron 
micrographs (Figure 6.8) show that the materials retain their original size and shape after 
transfer into water; moreover, while it is not definitive evidence, the absence of 
significant particle aggregation in these dried films suggests the materials are not 
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aggregating after transfer into water.  This is confirmed by both dynamic light scattering 
(DLS) and small-angle X-ray scattering (SAXS).    
 
Figure 6.8 Water soluble cerium oxide nanocrystals. 
TEM micrographs (A to C) of phase transferred water-soluble cerium oxide nanocrystal via PAAOA or 
oleic acid and diameter histograms (D to F) for particles counted in (A) to (C), respectively. (A) Near-
spherical cerium oxide nanocrystal coated with oleic acid (3.8 ± 0.4). (B) Near- spherical cerium 
oxide nanocrystal coated with PAAOA (5.2 ± 0.8). (C) Star-shaped cerium oxide nanocrystal coated 
with PAAOA (18.5 ± 2.0 nm). All nanocrystals were successfully transferred from organic to water 
phase without size and shape change. All scale bars are 20 nm from (A) to (C). For all diameter 
histograms, over 1000 particles were measured in multiple images with the use of software package 
ImagePro. 
Figure 6.9 compares the nanocrystal dimensions found from all three methods.  The 
core size of PAAOA coated cerium oxide nanocrystal was 3.8 and 5.2 nm from 
microscopy; the core with shell thickness from SAXS was systematically larger as 
expected for both the polymer and oleic acid. In dynamic light scattering, the suspensions 
yielded particle distributions peaked near 6.5 and 10.5 nm respectively in good agreement 
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with SAXS.  Additionally, these particle sizes were the same in two common buffer 
solutions illustrating the relative insensitivity of the solution stability to ionic strength and 
pH.   
 
Figure 6.9 Comparisons of the effective dimensions of cerium oxide nanocrystals stabilized in water 
using three different methods: TEM, SAXS, and DLS.   
Each tool is sensitive in different ways to the core and coating of the nanoparticle resulting in 
understandable differences between the reported crystallite sizes. In order to evaluate whether 
particle aggregation could occur at high pH we also evaluated pH 9 and found little difference in the 
observation of isolated, non-aggregated particles. The method key is as follows: (A) TEM, (B) SAXS, 
(C) DLS (pH7), and (D) DLS (pH9). 
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6.3.5. Antioxidant and toxicological evaluation of water soluble 
nanocrystalline ceria  
To examine whether cerium oxide nanocrystals formed via these routes could be of 
interest in biological applications, the materials were screened using a simple acute cell 
viability assay.  Such data cannot confirm that a substance is safe, but they are useful to 
identify potential hazards and benchmark a material against similar substances.  This is a 
particularly important question for ceria as several researchers have reported that 
nanocrystalline cerium oxide can be toxic to cells in vitro because of oxidative stress.
135
 
We hypothesized that these biological effects would be minimized in our materials 
because their surfaces were stabilized; this renders the materials colloidally stable (e.g. 
non-aggregating) in the relevant buffers for cytotoxicity analysis and prevents cellular 
damage that may occur as nanoparticles sediment onto cells.  Recently, several reports 
have highlighted that for more aggregated cerium oxide particles the surface coating can 
greatly reduce their toxicological effects.
31, 55-56, 57b, 61a, 61g, 66-67, 125, 136
  
Non-aggregated suspensions of 5.2 nm diameter near-spherical and 18.5 nm diameter 
star-shaped cerium oxide nanocrystals had little impact on cells in vitro up to ppm 
concentrations.  To evaluate the material’s acute toxicity, the suspensions of 
nanoparticles were added to the culture media of Human Dermal Fibroblast (HDF) cells 
(Figure 6.10,and Figure 6.11).  The viability was examined after 24 and 48 hrs using a 
standard assay that measures mitochondrial function.
137b
   The smaller near-spherical 
materials killed 50% of the cells (LD50) at a concentration of 17 μg/ml while the larger, 
star-shaped materials had a LD50 of 4 μg/ml.  Supplemental figure 5 contains the dose 
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dependence of the cellular viability for each condition. While both ceria samples had 
measurable in vitro cytotoxicity, LD50 values in excess of 1 ppm at least for molecules are 
generally not considered indicative of a cytotoxic agent.
66
 Because of the very large 
molecular weight of nanoparticles, when this weight measure is converted to a molarity 
the LD50 values are on the order of 0.1 micromolar. We note that this general level of 
acute cytotoxicity is comparable to that reported for other nanocrystalline ceria 
formulations, which range from 1 nanomolar
61a, 125a, b
 to hundreds of micromolars.
66
  
Also, it is interesting to note that the star-shaped, larger, ceria had a greater impact on 
cells per particle as compared to the smaller nanocrystals. A more complete analysis of 
the in vitro cytotoxicity of these materials will be the subject of future work. Clearly, the 
design of highly biocompatible materials will be critical for any eventual application of 
nanocrystalline ceria as an antioxidant. 
 
Figure 6.10 Effect of nanoceria on the viability of Human Dermal Fibroblast (HDF) cells.  
After exposure to two different shaped ceria nanocrystals at different concentrations, data was 
analyzed for mitochondrial activity (MTS) after 24 and 48 h. (A) PAAOA coated near-spherical 
nanoceria of 5.2 ± 0.8 nm. (B) PAAOA coated star nanoceria of 18.5 ± 2.0 nm. HDF cells exhibited a 
decrease in viability and an LD50 at (A)16.71, 15.88 µg/ml and (B) 3.55, 2.12 µg/ml after 24 and 48 h, 
respectively. The surface coatings alone had no effect on cells up to 50 micromolar concentration 
(see Figure 6.11). 
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Figure 6.11 Cell viability study of PAAOA (polyacrylicacid octylamine) and PAA (polyacrylicacid).  
The value of LD50 from PAAOA was 385.5 ppm (68.8 μM), which is an order of magnitude less toxic than that 
reported for our most biocompatible nanoparticles.   PAA had no effect on cell viability up to 1600 ppm (888.9 
μM). 
Finally, we confirmed that the aqueous suspensions of nanocrystalline ceria could 
react with oxidants such as H2O2 in a manner similar to that found for ceria made directly 
in water. While the presence of an intervening organic surface coating did not preclude 
reactivity of other nanocrystalline ceria systems,
31, 57b, 66-67, 125e
 the tightly packed layer of 
oleylamine molecules that coat these particles could present a more significant barrier for 
electron transfer.  To examine this possibility, we used the reaction of nanocrystalline 
ceria with hydrogen peroxide as a measure of the accessibility and reactivity of the 
Cerium (III).  Both Das et al and Perez et al found that cerium oxide nanoparticles 
prepared by either a microemulsion or coprecipitation method reacted with H2O2 in 
water, converting Cerium (III) to Cerium (IV).  Because the ultraviolet absorption of the 
particle shifts after the oxidation of Cerium (III), it is possible to assess the extent of the 
reaction colorometrically.
31, 57b
 This prior work illustrated that at least for materials 
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formed in water, the capacity of a nanoparticle to reduce H2O2 scaled with the Cerium 
(III) content of the particles. 
The ability for these nanocrystals to react with H2O2 was evaluated in comparable 
colorimetric analyses (Figure 6.12).  For these studies, two very different particle sizes, 3 
and 8 nm, were studied.  First, polyacrylic acid octylamine (PAAOA) coated cerium 
oxide crystals (  μ ) were dispersed in 0.1  Na2CO3 (pH ~9) solutions.  After injection 
of 1 mmol of H2O2, the suspensions changed color from pale brown to deep yellow.  This 
change in color is a signal that the Cerium (III) on the particle surface is reacting with the 
oxidant and forming Cerium (IV).  Figure 6.12 shows the visual appearance of the 
solutions, as well as the corresponding change in transmittance.  
 
Figure 6.12 H2O2 quenching depends on the size of the cerium oxide nanocrystals.  
The black UV-visible spectrum is the control sample, and the blue spectrum is the sample after 
injection of 1 mmol H2O2. The inset digital images show the color change from transparent brown 
(black square) to deep yellow as the cerium oxide nanocrystal becomes more rich in Ce(IV) (blue 
square). The quenching ability of nanocrystalline cerium oxide was reversible as shown in the inset 
image of 8 nm PAAOA coated cerium oxide. The inset bar graph shows λ-peak shifting from 400 to 
440 nm. Ce(III) of 3 nm PAAOA coated cerium oxide also recovered after about 40 days (see 
supplemental figure 4). The additional injection of H2O2 led to the transition from Ce(III) to Ce(IV) 
again.     
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These results indicate that these materials can act as effective antioxidants, even 
though they were originally formed in organic solutions.  As is apparent in Figure 6.12, 
both sizes of ceria showed high reactivity to the hydrogen peroxide and neither solution 
showed any signs of aggregation.  These observations suggest that the surface coatings 
remained intact even as solution phase peroxide reacted with the surface cerium.  
Additionally, the smaller cerium oxide nanocrystals had substantially more reactivity as 
compared with the larger materials.  The primary difference between these two examples 
is their Cerium (III) content (Figure 6.6).  As has been observed for other nanocrystalline 
ceria, the smaller materials were more reactive presumably because of their higher 
concentration of Cerium (III). 
6.4. Conclusion 
Cerium oxide nanocrystals with tunable sizes and various shapes were synthesized 
through the thermal decomposition of cerium precursors at high temperatures in 
octadecene.  Uniform and tunable diameter materials could be produced by control over 
the cerium to surfactant molar ratio as well as the addition of co-surfactants and water.  
Smaller ceria nanocrystals had higher concentrations of Cerium (III) as compared to 
larger ones, an observation that may result from the expansion of the lattice in smaller 
sizes of nanocrystal.  Amphiphilic polymers and oleic acid could be used to transfer the 
ceria from the octadecene into water with yields as high as 80%. In vitro toxicological 
studies of two different shapes of cerium oxide nanocrystals found no significant acute 
cytotoxicity.  Finally, the Cerium (III) in the nanocrystals reacted with H2O2 in water 
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resulting in a substantial color change; smaller particles generally had more reactivity by 
virtue of their higher Cerium (III) content.  These data illustrate that the antioxidant 
properties of nanocrystalline ceria are independent of the method of formation and can be 
measured even when particles are stabilized by phase transfer agents. 
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Chapter 7 
Redox cycling behavior of cerium 
oxide nanocrystals and its dependence 
on nanocrystal diameter and surface 
coating 
7.1. Introduction 
Cerium oxide (CeO2, ceria) is a lanthanide metal oxide that by virtue of the redox 
potentials of cerium (III) and cerium (IV) can exhibit facile cycling between these two 
oxidation states.
50,51
  As a consequence, ceria can easily form non-stoichiometric 
compositions, CeO2-x, as cerium (IV) is reduced to cerium (III) leaving behind oxygen 
vacancies in the lattice.
23,52
  In nanocrystals, these oxygen vacancies are thought to be 
clustered and stabilized at the particle surface which makes nanoscale ceria more 
effective at generating cerium (III) than the equivalent bulk material.
25, 124a
   In the redox 
cycling of cerium ions, cerium (IV) is metastable in water and under ambient conditions 
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will revert back to cerium (III).  This behavior, termed “oxygen buffering”, make ceria 
ideal for applications such as water-gas shift catalysis, combustion catalysis, oxygen ion 
conductors, and solid oxide fuel cells.
2a, 21, 53, 124, 2a, b, 22b, 54
  More recently, the ability of 
cerium oxide nanocrystals to react with hydrogen peroxide in water has been 
demonstrated as a strategy for reducing unwanted reactive oxygen species (ROS) present 
in biological systems.
55
   
The reduction and oxidation reactions of nanocrystalline ceria are typically 
characterized via absorption spectroscopy.  Aqueous suspensions of the particles are 
treated with reactive oxygen species, for example hydrogen peroxide, and the resulting 
Ce(IV) that forms has a distinctive yellow color that can be used to track semi-
quantitatively the progress of these reactions.
57b
   When the concept was first 
demonstrated in ceria nanocrystals, researchers proposed that cerium (III) could react 
directly with H2O2 at the particle surface through an unspecified mechanism.
57
  More 
recently Heckert et al. hypothesized that the reaction proceeds through an analog of the 
Fenton/Harbor-Weiss reaction;
58
 in this process, H2O2 disproportionates into H2O and O2 
at the cerium oxide surface.
31, 55, 58-59
 Xue et al. showed that the hydroxyl radical (•OH) is 
produced during the reactions, an observation consistent with a Fenton reaction generated 
by H2O2.
60
    
Whatever the molecular mechanism of the process, over the past few years there has 
been increasing interest in the therapeutic capacity of nanoscale cerium oxide for diseases 
such as cancer, Alzheimer’s, cardiac dysfunction, radiation induced cell death, and 
aging.
61
  Das et al. reported that nanoceria protected adult rat spinal cord neurons against 
oxidative stress.
31
 Perez et al. showed how the antioxidation properties of nanocrystalline 
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ceria could improve cancer therapeutics; pH dependent antioxidant properties of 
nanocrystalline cerium oxide effectively provide cytoprotection from oxygen radicals to 
normal cells but not to cancer cells.
57b
   More recently, Kim et al. first showed that 
cerium oxide nanocrystals reduced ischemic brain damage induced by reactive oxygen 
species in living animals (Male Sprague-Dawley rats).
62
 While these in vivo examples are 
exciting, it is not clear whether they take full advantage of the ability for nanoscale ceria 
to cycle in its redox state: specifically after oxidation to Ce(IV), nanocrystals may return 
– slowly – to their original Ce(III) state.  Once this has occurred they may react again to 
quench oxidative species, thereby resulting in extremely high antioxidant capacities due 
to this cycling behavior.
31, 57b
 
While these results are promising, the antioxidant capacity of nanoceria has not yet 
been benchmarked against radioprotectants and antioxidants already approved for clinical 
use.
31, 56, 61a, 61g, 66-67, 125, 138
  The conventional assay for such purposes, the oxygen-radical 
absorbance capacity or ORAC assay, uses a fluorescence-based indicator (β-
phycoerythrin) in the presence of the target compound and a radical initiator (2,2’–
azobis(2–amidinopropane)dihydrochloride (AAPH)).139  The better the antioxidant 
capacity of the target compound, the more effective it is at reacting with the ROS 
generated by the initiator, thereby preserving the intensity of the fluorescence.  Such 
assays are suitable for nanoscale materials; Lucente-Schultz et al. showed that the 
antioxidant property of pegylated single-walled carbon nanotubes was about 5 times 
higher than that of a known standard, Trolox.
140
 Furthermore, the fluorescence assay for 
in vitro quantification to measure oxidative stress along with ROS generation can 
evaluate how much effectively the engineered cerium oxide nanocrystals can protect cells 
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against oxidative stress caused by additives such as hydrogen peroxide.
57b
  Cerium oxides 
scavenge the evolved ROS in cell culture media and inhibit the reaction between 
fluorescein dyes and ROS.
141
  
While the in vitro and in vivo antioxidation properties of nanoscale ceria are 
promising, it is not clear how best to design the material for optimal performance.  
Crucial questions related to the size and surface dependence have been difficult to answer 
as all the nanocrystalline ceria studied to date have not used highly uniform nanocrystals 
with controlled size and surface chemistries.
67
  Even more critical is the role of the 
particle coating in mediating the reaction between ROS and the nanocrystal surface.   
This interface must be thin enough to allow for facile surface reactions yet highly stable 
so as to resist any degradation due to side reactions with ROS.  This latter point is 
particularly important as surface coating degradation can yield aggregated particles 
unsuitable for many biological applications.  
In this research, we synthesized monodisperse libraries of cerium oxide nanocrystals 
using the high temperature decomposition of cerium precursors; the resulting uniform 
particles were phase transferred to water with high efficiency (>80%) using polyacrylic 
acid-octyl amine (PAAOA), oleic acid, polyethylene imine (PEI), and 
polymaleicanhydride-alt-1-octadecene (PMAO). After one exposure to hydrogen 
peroxide, smaller particles outperformed larger particles in terms of net amount of 
reactivity by virtue of their higher cerium (III) concentrations. The mechanism of the 
peroxide reaction was also evaluated using both GC-MS to monitor by-products and a 
Luminol test to quantify peroxide concentration: two moles of peroxide reacted with one 
mole of cerium (III) consistent with a Fenton-like reaction.  The antioxidant capacity of 
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the oleic acid/ CeO2 materials as measured by oxygen-radical absorbance capacity 
(ORAC) was 9 times higher than for a standard antioxidant like Trolox. These effects 
were also seen in in-vitro assays that measured the ability of the particles to protect 
against oxidative stress induced by peroxide exposures.  Cerium oxide treated fibroblast 
reduced oxidative stress than untreated fibroblast.  Finally, over repeated cycles, the oleic 
acid coated CeO2 was the most effective material; for 18 cycles, one mole of cerium (III) 
could react with more than twenty moles of H2O2.  Other nanoparticles with different 
surfaces would precipitate after several cycles presumably due to coating degradation.   
7.2. Experimental methods 
7.2.1. Chemicals 
Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O (99 %), oleylamine (OM, technical 
grade, 70 %), 1,2 hexadecanediol (HDD, technical grade, 90 %), 1-octadecene (ODE, 
technical grade, 90 %), poly (acrylic acid) (PAA, Mw = 1800), octylamine (99 %), poly 
maleic anhydride-alt-1-octadecene (PMAO, Mw = 30,000-50,000), and 
polyethyleneimine (PEI, Mw = 25,000), tris(hydroxyl methyl)-aminomethane (99.9 %), 
luminol (97 %), potassium ferricyanide (K3Fe(CN)6, 99 %), Fluorescein sodium salt 
(FL), 2-2ʹ-Azobis(2-amidinopropane)dihydrochloride (AAPH), and Racemic 6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolx) were purchased from Sigma-
Aldrich. Hydrogen peroxide (H2O2, 30 %), sodium hydroxide (NaOH, 1 N), sodium 
bicarbonate (NaHCO3, 99.9 %) and dimethylformamide (DMF, 99.9 %) were purchased 
from Fisher scientific. 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride 
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(EDC) was purchased from Thermo scientific. All ceria nanocrystals were synthesized 
under ultra-high purity nitrogen.  
7.2.2.  Instrumentation 
7.2.2.1. UV-Vis spectroscopy 
To measure antioxidant property of different diameter and surface coated nanoceria 
with H2O2, UV-Vis absorbance spectrums were obtained as a function of time using UV-
Vis spectroscope (Cary 5000 UV-Vis-NIR spectrophotometer, Varian).   
7.2.2.2. Transmission Electron Microscopy (TEM) 
The TEM micrographs were taken by a JEOL 2100 field emission gun TEM 
operating at 200 kV with a single tilt holder using ultrathin carbon type-A 400 mesh 
copper grids (Ted Pella Inc.). The size and its distribution data were obtained by counting 
>1000 nanocrystalline particles using Image-Pro Plus 5.0 (Media Cybernetics, Inc., 
Silver Spring, MD).  
7.2.2.3. X-ray photoelectron spectroscope (XPS) 
XPS data was collected using a PHI Quantera XPS with a monochromatic Aluminum 
38.6 W X-ray source and 200.0 μm X-ray spot size with a pass energy of 26.00 eV at 
45.0°.  
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7.2.2.4. Dynamic light scattering (DLS) 
The phase-transfer water-soluble nanocrystalline cerium oxide samples were 
characterized by dynamic light scattering (DLS) and zeta potential to measure the 
hydrodynamic size and surface charge, respectively. The hydrodynamic diameters and 
surface charge of different sized nanoceria covered with PAAOA, oleic acid, PMAO, and 
PEI were measured at 25
 o
C, using a Malvern Nano ZS system by Malvern Instruments 
(Malvern Zetasizer Nanoseries, Malvern, UK).  
7.2.2.5. Inductively coupled plasma atomic emission spectroscopy (ICP) 
The concentration of water transferred nanoceria was measured from ICP using a 
Perkin Elmer ICP-AES instrument equipped with an auto sampler. ICP samples were 
prepared by digestion of aqueous fractions using HNO3 (99 %) and H2O2 (30 %) in a 5 
ml of diluted nanoceria sample. The solution volume was decreased by heating to a 
fourth of its original volume. When the solution was dried to about 1/4 of the initial 
volume, 100 μl nitric acid was added. The obtained sample was treated by the further 
addition of  0 μl of nitric acid and 1 ml of H2O2 until effervescence stopped, indicating 
full dissolution of the ceria. The resulting colorless solution was transferred into a 5 ml 
volumetric flask and then diluted to 5 ml using DI-water. 
7.2.2.6. GC-MS spectroscopy 
Agilent Technologies 7890A GC system was used to measure the evolved oxygen 
amount during the decomposition of H2O2 in nanoceria solution. For the calibration of O2 
measurement, the vials (National Scientific Company (vial: C4020-210, septa: C4020-
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36A)) were purged with nitrogen for 5 min and various amount of oxygen (0, 500, 1000, 
and 1500 ul) was injected into N2 purged vials and 10 μl of the sample was injected into 
GC-MS using Pressure-Lok gas syringe (VICI Precision Analytical Syringe, Vacuum 
leak rate was less than -310  2.8  μl/hr.). These measurements were conducted in 
triplicates. Concentration (ppm) was calculated by considering the purged vials to be at 
1atm, and then getting mass of the oxygen. The equation of oxygen calibration curve was 
y=0.0007x; y is relative abundance ratio of oxygen to nitrogen (IO2/IN2) and x is oxygen 
content (ppm).  
To explore the abundance of evolved oxygen in nanoceria samples, the relative 
intensity ratios of oxygen to nitrogen were collected as a function of time after the 
injection of particular amount of H2O2 (1, 2,  , and 10 μmol) in nanoceria solution (2.78 
μ ) in a 10 ml crimped vial.142  
7.2.2.7. Luminol test of water-soluble cerium oxide nanocrystals 
H2O2 (
-410  6.45 M) from 0 to 50 ul was injected to an oleic acid coated 3.8 nm 
cerium oxide solution (0.011 μ ). To measure the remaining concentration of H2O2 in 
the supernatant, the reaction solution was centrifuged at 43,000 rpm for 7 hrs. To 
measure chemiluminescence, 20 μl of the supernatant was mixed with 120 ul 
tris(hydroxyl methyl)-aminomethane buffer (pH ~ 10), 50 ul of 3% K3Fe(CN)6, and 10 μl 
of luminol (1 X 10
-2
 M, pH ~ 10) in a 96-well plate(flat bottom, white polystyrene). The 
absorbance was measured at 485 nm by a spectrophotometer (SpectraMax M2, Molecular 
Devices, Sunnyvale, CA). This experiment was repeated in triplicate.  
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7.2.2.8. Oxygen-radical absorbance capacity (ORAC) assay 
The assay was treated by the method mentioned by Lucente-Schultz et al.
140
 
Fluorescein sodium salt (FL, 0.2 μ ), 2-2ʹ-Azobis(2-amidinopropane)dihydrochloride 
(AAPH, 0.15 M), and Racemic 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic 
acid (Trolx, from 1.  to 10 μ ), and nanoceria (oleic acid coated- and PMAO coated- 
CeO2,  from 1.  to 10 μ ) were prepared in phosphate buffer saline ( BS) at pH 7.4  in a 
96-well plate (flat bottom, black with clear bottom, polystyrene). The fluorescence 
intensity was measured at 530 nm by 485 nm excitation every minute for 6 h using a 
microplate reader (TECAN Infinite M200). The relative fluorescence intensity was 
measured by the assay (with antioxidant: 120 ul FL + 20 ul antioxidant + 60 μl AA H), 
Control 1 (without AA H: 120 ul FL + 20 ul antioxidant + 60 μl  BS), and Control 2 
(without FL: 120 ul  BS + 20 ul antioxidant + 60 μl  BS). The antioxidant capacity was 
calculated by measuring the area under curve (AUC) of the time dependent fluorescence 
intensity from the antioxidant (Trolox and nanoceria) and the blank (without the 
antioxidant) reported by Lúcio et al.
143
  The assays were performed in triplicates. 
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7.2.2.9. Measurement of intracellular reactive oxygen species (ROS) 
generation 
Wild type Human Dermal Fibroblasts (GM00498) were obtained from Coriell Cell 
Repositories. Fibroblasts were grown at 37°C in 5% CO2 in DMEM (Lonza), 
supplemented with 10% heat-inactivated fetal bovine serum and 1% glutamine Pen-Strep. 
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Medium was replaced every 3 or 4 days. Monolayers were passaged with TrypLE 
Express. We measured oxidative stress using Dihydrorohodamine 6G (DHR6G) and 
followed the method previously described by Qin et al.
141a
 Cells were cultured in medium 
containing cerium oxide nanocrystals for 24 hrs at 37 °C. The medium was replaced with 
fresh medium containing 2 mM hydrogen peroxide (H2O2) and samples were incubated 
for 2 h at 37 °C. Cells were washed with PBS and incubated with 5 µM DHR6G 
(Anaspec) in serum-free DMEM for 30 min at 37 °C. Cells were collected in PBS, 
centrifuged at 300 x g for 5 min, and washed with PBS. The fluorescence (FL)  intensity 
was analyzed by flow cytometry (FACSCanto™II, BD Biosciences) using a 488-nm 
argon laser and 585/42 band pass filter. The relative fluorescence (FLrelative, %) was 
calculated by the equation mentioned below: 
100
FL
FLFL
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7.2.3. Synthesis of nanoceria 
Three different diameter cerium oxide nanocrystals were synthesized by the 
decomposition of Ce(NO3)36H2O in the presence of oleylamine at high temperature 
reported previously in this group.
32b
 3.8 nm cerium oxide was synthesized by 1 mmol of 
Ce(NO3)36H2O  mixed with 3 mmol of oleylamine in 5 g ODE. 5.4 nm nanoceria was 
prepared by 5 mmol of Ce(NO3)36H2O and 15 mmol of oleylamine in 5 g ODE. 8.2 nm 
nanoceria was obtained by adding water of 40 mmol in the cerium precursor and 
oleylamine mixture: the concentration of Ce(NO3)36H2O and oleylamine were 10 and 40 
mmol, respectively, in 5 g ODE. All chemicals were mixed at room temperature and 
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dissolved at 80 
o
C for 30 min. Nanocrystals were grown at 260 
o
C for 2 hrs under ultra-
high pure nitrogen condition.  
The as-prepared nanoceria was purified using ethanol, acetone and hexane at least 5 
times to remove un-reacted cerium precursor, surfactants, and ODE. The resulting deep 
brown precipitate gave pure ceria nanocrystals which are re-dispersible in various 
nonpolar solvents such as, chloroform, hexane and toluene.  
7.2.4. Phase transfer of nanoceria 
The as-synthesized nanoceria was transferred to aqueous solution using ligand 
exchange
63a
 and encapsulation methods. 
3a, 63b, 85
 The as-synthesized nanoceria was 
covered with oleylamine and stable in various non-polar solvents (e.g. chloroform, 
hexane, and toluene). When oleic acid was added to oleylamine covered nanoceria, the 
hydrophobic-hydrophobic interaction occurred and made nanoceria soluble in water 
because of the carboxyl groups on the outer surface of nanoceria. The addition of 
PAAOA and PMAO is similar to the oleic acid bilayer method, resulting in double layers. 
Both amphiphilic polymers have long hydrophobic chains (octylamine of PAAOA, and 
1-octadecene of PMAO) forming a double layer with oleylamine on the surface of 
nanoceria. PEI has a large number of amine groups and hence, makes nanoceria soluble 
in water by ligand exchange method. 
7.2.4.1. Oleic acid coated nanoceria 
 articular amount of oleic acid (from  0 to 2 0 μmol) was stirred with 1 ml of 
nanoceria/ethyl ether solution (typically, 5.4 mg/ml) and 10 ml of ultra pure water. 
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Aqueous and organic phases were mixed by application of a probe-sonicator (UP 50H, 
DR.HIELSCHER) for 5 min at 60 % amplitude and full cycle. The resulting solution was 
further stirred for 1 day to evaporate the ether and to obtain a clear yellow brown 
solution. 
7.2.4.2. Polyacrylic acid octylamine (PAA-OA) coated nanoceria:  
The synthesis of PAA-OA amphiphilic polymer was adapted from previous reports.
86
 
Various concentrations of PAA-OA (from 0.  to  0 μmol) were added to 1 ml of 
nanoceria/ethyl ether solution (typically, 2.5 mg/ml) with 10 ml of ultra pure water. The 
mixed solution was sonicated using the probe sonicator at the same experimental set up, 
mentioned above.  
7.2.4.3. PMAO coated nanoceria 
PMAO (0.01 - 2.  μmol) was added to 1ml of nanoceria/chloroform solution (about 1 
mg/ml) with 10 ml of ultra pure water. The solution was probe-sonicated in the same 
condition, mentioned above.  
7.2.4.4. PEI coated nanoceria 
PEI (0.1 - 16 μmol) was added to 1ml of nanoceria/chloroform solution (about  .7 
mg/ml) then probe-sonicated with the same condition, mentioned above. 
Purification of as-prepared water-soluble nanoceria was carried out using 
ultracentrifugation (Sorvall Discovery 100 SE Ultracentrifuge) at 40,000 rpm for 4 hrs, 
followed by syringe filtration (pore size of 0.4  μm, WHAT AN-NYL). All the 
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resulting phase transfer nanoceria pellets were re-dispersed and stable in Mili-Q water, 
phosphate or sodium bicarbonate buffer solution (pH was from 5 to 10). 
7.2.5. Nanoparticle concentration calculation 
Nanoparticle concentrations are found from analytical measures of total cerium 
concentration in solutions digested with acids. To require an estimate of the weight of a 
single particle we assumed a particle volume of 4/3r
3
 where r is the average radius of the 
nanocrystal as determined by TEM measurements of over 1,000 particles; then we took 
the density of CeO2 in the nanoparticle to be equivalent to that of the bulk phase (e.g. 
7.65 g/ml) and could calculate the particle weight.
32b
  As an example, the volume of a 3.8 
nm diameter particle of CeO2 is 
-2010  2.87 ml, which provides a total mass per particle 
of -1910  2.2 g.  Using this data, and Avogadro’s number, we find for a solution  00 ppm 
in cerium a nanoparticle concentration of 2.78 μ . 
7.2.6. The calculation of the concentration of cerium oxide nanocrystals 
using the molecular weight of a cerium oxide nanocrystal. 
The concentration nanocrystalline cerium oxide was also calculated using the density 
of bulk cerium oxide and percentage of cerium (III) from XPS analysis. Briefly, to get the 
weight of one nanocrystal, the density of CeO2-x was calculated based on the density of 
cerium oxide (CeO2 :7.6 g/ml; Ce2O3 : 6.2 g/ml), and 44 % of cerium (III) obtained by 
XPS analysis; the calculated density of CeO2-x was about 7.0 g/ml. Then the molecular 
weight of a 3.8 nm cerium oxide nanocrystal was obtained using the volume of one 3.8 
nm nanocrystal analytical and the Avogadro’s number. For example, the volume of one 
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nanocrystal is -2010  2.87  cm
3
, which provides the weight of a nanocrystal of -1910  2.0
g and the weight of one mole of nanocrystal of 121218.13 g/mol. Since the cerium 
concentration measured by ICP is 300 mg/L, the total concentration of 3.8 nm cerium 
oxide nanocrystal suspension is  .0  μ  (0.0091 μmol). This is very close to the number 
of nanocrystal concentration described in the experimental section: 2.78 μ  of cerium 
oxide nanocrystal concentration.  
7.2.7. The calculation of Ce(III) ions on the surface of one nanocrystal144 
 
Figure 7.1 The calculation of the number of unit cells on the surface of 3.8 nm cerium oxide 
nanocrystal. 
The number of Ce ions in one unit cell (Cubic fluorite) = 4 ions (8 at corners and 6 on 
the faces) 
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Let us consider that there is an outer shell of atoms surrounding the core of the 
nanoparticle. Thickness of this shell = 10-10  5.39  
2
1
  = -1010  2.69  (m) (Thickness of 
the shell is assumed to be a half of the lattice constant.) 
Volume of the core = 26-310-9- 10  1.82  )10  2.69 - 10  (1.9  14.3 
3
4
 m
3
 
Volume of the cluster = 26-39- 10  2.87  )10  (1.9  14.3 
3
4
 m
3
 
Volume of the shell = -26-26-26 10  1.06  10  1.82 - 10  2.87  m
3
 
Volume of single unit cell (a
3
) = 283-10 1057.1)10  (5.39  m3 
The number of unit cells on the shell of nanoparticle = Volume of the shell / Volume 
of single unit cell =  67.4  
 10  1.57
10  1.06
 
28-
-26



ea 
Since each unit cell has 4 Ce ions, the number of Ce ions on the surface (shell) of 
nanoparticle = 269.5  67.4 4  ea 
Base on the XPS study, Ce(III) is 44 % of Ce ions on the surface. Therefore, the 
number of Ce(III) is 119  118.6  0.44 269.5  . 
 
Concentration of cerium oxide nanoparticles   2.78 μ  
Volume of CeO2 nanocrystal suspension = 3 ml 
The number of Ce(III) in nanoceria solution =  
Ce(III) of N10  9.9246  article)(Ce(III)/p  119)mol(10  8.34 /mol)(particles N A
-7-9
A 
(NA is avogadro’s number   
2310  6.02 particles/mol) 
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Therefore, about 0.99246 μmol of Ce(III) is in the nanoceria solution. 
7.2.8. Cell viability test using water soluble cerium oxide nanocrystals 
7.2.8.1. Cell Culture 
Human dermal fibroblasts (HDF, Cambrex) were purchased from Cambrex and 
cultured in Dulbecco's Modified Eagle's Medium (DMEM, ATCC, Manassas, VA), 
supplemented with 2 mM L-glutamine, 1% penicillin, 1% streptomycin, and 10% fetal 
bovine serum (FBS). Cells were detached from culture with trypsin and re-suspended in 
media for passaging to wells. Cells were used at passages from 3 to 6 for experiments. 
7.2.8.2. MTS cell viability assay 
The standardized colorimetric assay, MTS (CellTiter 96, Promega), was used to 
evaluate mitochondrial activity. HDF cells were grown to 80 % confluency in 96-well 
culture plates and introduced to  .8 nm oleic acid coated nanoceria (from 0 to  .1 μ  of 
nanocrystal concentrations. The treated cells were incubated for 24 at 37 °C under 5% 
CO2. Then, the supernatant containing the nanocrystals was removed from the wells and 
replaced with 100 μL of fresh D E  that is phenol-red free (Gibco/Invitrogen); 20 μL 
MTS stock solution was added to each well. The MTS assay is reduced by enzymes in 
live cells, producing a purple formazon dye. After incubating at 37 °C for 1 h, the 
absorbance at 490 nm of the dye produced was measured using a plate reader (TECAN 
Infinite M200). Each experiment was repeated four times to obtain the average value.  
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7.3. Results and Discussion 
7.3.1. Physico-chemical properties and mechanism for ceria reactions with 
hydrogen peroxides 
Near-spherical ceria nanocrystals with diameters ranging from 4 to 8 nm were 
prepared by thermally decomposing cerium precursors in the presence of alkyl amines 
and water in 1-octadecene.
32b
 Figure 7.2 shows three different diameters of water-soluble 
nanocrystalline ceria produced from this reaction. The decomposition of cerium nitrate 
and oleylamine at 260 
o
C yielded the smallest nanocrystalline ceria.  The addition of 
water promotes nanocrystal growth which in this study was used to produce the largest 
nanocrystals (8.2 ± 1.7 nm). These cerium oxide nanocrystals were phase transferred into 
aqueous solutions using amphiphilic surface agents such as fatty acids, co-polymers, and 
polyethyleneimine.
3a, 32b, 63
 The average diameters and morphology of the phase-
transferred nanocrystals were identical to those observed for the as-prepared nanocrystals 
in organic solvents.  Phase transfer yields exceeded 80 % under the appropriate 
conditions (Figure 7.3). 
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Figure 7.2 TEM micrographs (A to C) of water soluble nanoceria. 
All scale bars are 20 nm from (A) to (C).  (A) Oleic acid coated CeO2 nanoparticles (3.8 ± 0.4 nm). (B) 
PEI coated CeO2 nanoparticles (5.4 ± 1.0 nm). (C) PAA-OA coated CeO2 nanoparticles (8.2 ± 1.7 nm). 
The size distribution histograms (D to F) are placed at the bottom of the corresponding images. To 
analyze the size, over 1000 particles were measured in multiple images using the software package 
ImagePro. 
The hydrodynamic diameters of the nanocrystalline ceria in water reflected 
contributions from the inorganic core as well as the surface coating. The hydrodynamic 
diameters (DH) of the four polymer coated cerium oxide nanocrystals are shown in Figure 
7.4; these DLS measurements reveal that oleic acid and PAAOA applied to nanocrystal 
cores of 3.8 nm diameter produced materials with hydrodynamic diameters (DH) of 5 nm.  
PEI and PMAO are larger molecular weight polymers and these coatings yielded particles 
with much larger DH, 15 and 18 nm respectively. The inset images (A and B) in Figure 
7.4 illustrate the compact structures of the former systems. The polymer coatings 
increased the hydrodynamic diameter irrespective of the core size of the nanocrystalline 
ceria.  The zeta potential of oleic acid, PAAOA, and PMAO coated ceria nanocrystals 
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were -52.1, -41.4, and -34.2 mV, in contrast to amine functionalized polymer (PEI) 
coated ceria which was positively charged (0.2 mV). 
 
Figure 7.3 Phase transfer efficiency of water soluble nanoceria coated with 4 different phase transfer 
agents.  
Lower concentration of phase transfer agents (oleic acid, PAAOA, PMAO and PEI) caused poor 
surface coverage that led to highly aggregated cerium oxide precipitates, which were not dispersible 
in water. Yet, higher concentration of phase transfer agents did not guarantee an increase in phase 
transfer efficiency because excess amount of surfactants formed micelles. These micelles lowered the 
solubility of water-soluble nanoceria. 
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Figure 7.4 Hydrodynamic size of nanoceria.  
The cartoon images show oleic acid, PAAOA, PMAO, and PEI coated nanoceria. In the structure, blue, 
yellow, and purple dots stand for carboxyl group, amide bond, and amine group, respectively. The 
average diameters of nanoceria covered with oleic acid, PAAOA, PMAO, and PEI were analyzed by 
dynamic light scattering (DLS). All samples were measured in triplicates. 
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Figure 7.5 H2O2 quenching of water-soluble nanocrystalline cerium oxides.  
(A) The inset UV-Vis band and the photo image demonstrate the red-shift from the control (black) to 
the as-reacted solution (blue) by the H2O2 injection. (B) The increasing extent of the red-shift of 
nanoceria suspension (2.78 μM) depending on the higher concentrations of H2O2 from 10-2 to 10 
μmol. 3.8 nm oleic acid coated nanoceria was used and the magnitude of the red-shifted wavelength 
of the UV-Vis band (Δλ) was measured between the control and the red-shifted band at optical 
density of 0.3. 
Most studies of the antioxidant properties of nanoscale ceria have used colorimetric 
methods to examine the progress of a particle’s reaction with H2O2; colorless pale yellow 
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cerium (III) gradually changes to the orange cerium (IV).  Figure 7.5 shows how the 
absorption spectrum of a nanoceria suspension changes after H2O2 injection; the red-shift 
reflects the change of cerium (III) to cerium (IV).
145
   The chemical reaction proposed to 
account for this color change is:
66, 146
 
 
Figure 7.6 Redox cycling of cerium oxide through Fenton-type reaction.  
Ce (III) reduce hydrogen peroxide and forms hydroxyl radicals and anions. These intermediate 
reactive oxygen species keep reacting with H2O2 and finally oxidized Ce (IV) is reduced to Ce (III) 
evolving oxygen (Fenton/Harbor-Weiss reaction; Ce(III):H2O2:O2 is 1:2:1.) However, if the reduction 
of Cerium ion does not occur and hydroxyl radical reacts with super oxide anion, Ce(IV) is not 
reduced and, the reaction ratio of cerium (III):H2O2:O2 is 2:3:1.5.    
We verified that the shift in the absorption spectrum was consistent with changes in 
the cerium oxidation state using x-ray photoelectron spectroscopy (XPS).  For example, 
after adding an excess of H2O2 to 3.8 nm cerium oxide, the cerium (III) concentration 
was reduced to 20 % from nearly 50 % prior to treatment (Figure 7.7). This finding 
illustrates that the active site on the surface of CeO2 reacting with H2O2 is cerium (III) 
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and that the capacity of a ceria nanocrystal to react with H2O2  will be sensitive function 
of the starting cerium (III) concentration.
130c
 
 
Figure 7.7 XPS data of 3.8 nm CeO2 before and after H2O2 injection.  
At the bottom of the chart, blue and red vertical lines stand for Ce(IV) and Ce(III), respectively. The 
arrow points reveal the clear difference between before and after H2O2 injection. Concentration of 
Cerium (III) and Cerium (IV) were calculated by the integration of the individual peaks from the fitted curve by 
MultiPak V7.0.1 (see Table 7-1).    
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Table 7-1 XPS analysis of individual peaks.  
Cerium (III) concentration was calculated by (V1 + V3+ V6 + V8). 22b, 24-25, 32b, 130a, 130c The ten individual 
peaks (from V1 to V10) were integrated in the cerium 3d region from 880 to 916 eV of the binding 
energy as shown in Figure 7.7. 
 
 
The underlying mechanism for the reaction between nanocrystalline ceria and 
hydrogen peroxide has been poorly defined for some time; while some investigators have 
proposed a direct reduction and oxidation process others suggest the reaction has more in 
common with a Fenton-type process of the type illustrated in reaction mechanism above; 
Karakoti et al hypothesized that the redox cycling of cerium ions occurs through Fenton 
type reaction producing hydroxyl anions and cerium peroxo complex. 
55, 57-58, 60, 66, 146
  
These two mechanisms can be distinguished by the very different reactant molar ratios 
expected: a 2:1 reactivity between H2O2 and cerium (III) is anticipated for a Fenton-type 
process as opposed to a 1:1 or 1:2 relationships for direct redox reactions.  Also relevant 
is the fact that Fenton reactions usually proceed through hydroxyl radical intermediates, 
and thus are more pronounced at lower pH values. 
55, 58
 (Figure 7.8)  
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Figure 7.8 PH dependent antioxidant capacity of oleic acid coated cerium oxide suspension. 
Nanocrystalline ceria was more reactive with H2O2 in the less acidic condition than neutral and basic. 
However, oleic acid coated ceria nanocrystal (pH<6) lost the colloidal stability resulting in the 
precipitates after 1 day. 
 
To experimentally determine which mechanism may dominate for these particles, we 
measured the molar relationship between H2O2 and cerium (III) in this reaction.  One 
analysis relied on GC-MS to quantify the O2 evolved by the disproportionation of H2O2 
as a function of time after the injection of peroxide in a nanoceria solution.
147
 In addition, 
the remaining (un-reacted) H2O2 concentrations in nanoceria suspensions were measured 
by the luminol test.
148
  To find the cerium (III) concentration we used the nanocrystal 
total cerium concentration as determined from ICP-AES, and the ratio between cerium 
(III) and cerium (IV) calculated from XPS (Figure 7.1).  
These data, along with the pH dependence of the process, suggests that the 
antioxidant properties of nanocrystal ceria proceed through a Fenton type process.  The 
amount of evolved oxygen after the decomposition of H2O2 by redox cycling of 
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nanoceria was found by measuring the relative abundance ratio of oxygen to nitrogen in a 
sealed vial (Figure 7.9).
142
  
 
Figure 7.9 The calibration curve of O2 in GC-MS analysis.  
O2 concentration was measured using relative abundance between O2 and N2. For details, 10 ml 
crimped vials were sealed tightly and purged with N2 for 5 min. Then, 500, 1000, and 1500 μl of O2 
were injected into N2 purged vials and 10 μl of the sample was injected into GC-MS using Pressure-
Lok gas syringe (VICI Precision Analytical Syringe, Vacuum leak rate was less than 
-310  2.8 μl/hr.). 
These measurements were repeated in triplicates. Concentration (ppm) was calculated by 
considering the purged vials to be at 1atm, and then getting mass of the oxygen. 
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Figure 7.10 The H2O2 calibration curve for the luminol test.  
The calibration curve was obtained by measuring the chemiluminescence of luminol as a function of 
the increasing concentration of the injected H2O2 (from 0 to 0.03 μmol). The equation of the curve 
was xy 610  9.0  with 0.994 of R2. (y = the intensity of luminescence, x = mol of H2O2) 
The increasing O2 evolution was monitored as a function of time. When the cerium (III) 
concentration was about 1 μmol (0.992 μmol), 1 and 2 μmol of H2O2 was fully 
decomposed by evolving about 0.  and 1 μmol of O2, respectively, whereas 5 and 10 
μmol H2O2 addition left increasingly higher amount of unreacted H2O2. The same molar 
ratio was also found independently be measuring the amount of unreacted peroxide using 
a Luminol test (Figure 7.10).  
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Figure 7.11 Decomposed H2O2 calculation using the red shift UV-Vis band and GC-MS data.  
Various molar concentrations of H2O2 (0, 0.1, 1, 5, 10 μmol) were injected into ceria nanocrystal 
suspensions (1 μmol of cerium (III) concentrations on the nanocrystals in the suspension). The 
decomposed H2O2 based on the measurement using GC-MS (Figure 7.12) was plotted as a function of 
the wavelength difference between the red shift UV-Vis band and the control at optical density of 
0.30.  The equation of the trend line was y = 0.0298x (y is the evolved O2 (μmol) and x is the Δλ at 
optical density of 0.30) and R2 = 0.9915.  Using this equation and the disproportionation of H2O2 
(2H2O2  2H2O + O2), the total moles of the decomposed H2O2 were calculated in the multiple 
injections of H2O2 as shown in Figure 8. For example, oleic acid coated CeO2 suspension under the 
multiple H2O2 injections showed 21.6 μmol of H2O2 decomposition for 18 cycles. (1 μmol of H2O2 was 
injected in every cycle.) 
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Figure 7.12 Quantitative analysis of H2O2 quenching of cerium oxide nanocrystals.  
The evolved oxygen concentration increased when H2O2 was decomposed in 2.78 μM nanoceria 
suspension (pH = 7, cerium (III) = 0.992 μmol).  The concentration of evolved oxygen was monitored 
and measured by GC-MS as a function of time. The ratio of H2O2 to cerium (III) was 2 to 1 (H2O2 
decomposition reaction; 2H2O2  2H2O + O2). The measurements were repeated three times. 
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Figure 7.13 Quantitative analysis of H2O2 quenching of cerium oxide nanocrystals.  
The remaining (un-reacted) H2O2 in a supernatant of nanoceria solution was measured by 
chemiluminescence from the reaction with luminol and peroxide after the separation of nanoceria 
using the ultracentrifugation method. 3.8 nm oleic acid coated cerium oxide was utilized with the 
increase in the injections of H2O2.  Based on the calibration curve (Supplemental Figure 7), the 
remaining molar H2O2 was obtained from the equation: y = 9.0 X 106x (y = the intensity of 
luminescence, x = mole of H2O2).  The theoretical data of the remaining H2O2 was obtained by the 
equation: [H2O2]remained = [H2O2]injected – 3.54  2  (nmol of cerium (III)) in the solution; One molar 
cerium (III)  decomposes 2 molar H2O2 in the Fenton-like reaction. 
Figure 7.13 shows that the experimental curve obtained from the amount of unreacted 
peroxide fit well to the expectation of a Fenton-like reaction (the ratio between cerium 
ion and H2O2 is 1 to 2). 
58
 Moreover, we can correlate the shift in the absorption spectrum 
to the generation of oxygen through this process.  As Ce(III) is converted to Ce(IV) the 
color of the solution changes roughly linearly with the amount of Ce(III) converted; 
Figure 7.11 shows that as more of this is converted you get more oxygen with a 0.0298 
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slope.  Finally, consistent with this data is the observation that the reaction is pH 
dependent.  Specifically at lower pH values it is more reactive (Figure 7.8).  
7.3.2. Benchmarking of anti-oxidant capacity and trends with size and 
surface coating 
A critical question to address is what the capacity is for different particles, with 
different sizes and coatings, to react with hydrogen peroxide through the Fenton-type 
chemistry described above.  For the purposes of this discussion, we refer to this 
parameter as the antioxidant capacity so as to align our discussion with the literature on 
antioxidants. 
58, 139, 148a
 One way convenient way to characterize this and compare it 
across samples is to use colorimetric data to indicate the amount of Ce(IV) produced. 
Here we defined the shift () by measuring the wavelength of 0.3 optical density before 
and after peroxide addition.  For example, 100 nmol of H2O2 led to only a 10 nm red shift 
in one case while 10 μmol of H2O2 led to a shift of 50 nm absorbance wavelength.  This 
data shows that adding more peroxide increases the shift of the spectrum as more Ce(IV) 
is produced.  However, for all samples there is a saturation point at which further addition 
of peroxide leads to no change.  For example, for the former samples the absorption shift 
remained the same between 10 and 1  μmol of H2O2 addition.    For these measurements 
all nanoparticle solutions were fixed at 2.78 μ  of ceria concentration (cerium (III) 
concentrations on the surfaces of the nanoparticles are 1 μmol; see Figure 7.1).  Note that 
the molecular weight of the nanoparticles varies sensitively with their diameter, but for a 
3.8 nm nanocrystal the equivalent particle concentration is roughly 10 pmol. 
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Figure 7.14 The different extents of H2O2 quenching capacity depending on various diameters and 
surface stabilizers on nanoceria.  
To compare the surface polymer dependent H2O2 quenching efficiency of nanoceria, the extent of the 
band shift (Δλ) was measured at 0.30 absorbance after the injection of H2O2 from the control. For the 
diameter dependent H2O2 quenching, three different diameter CeO2 suspensions were utilized (d = 
3.8, 5.4, 8.2 nm; PAAOA coated CeO2). Surface coating dependent H2O2 quenching was shown by 3.8 
nm CeO2 covered with four different polymers (PAAOA, oleic acid, PEI, and PMAO). 
These colorimetric tests reveal that the smallest nanoceria has the largest absorption 
change after the addition of H2O2 and hence greatest antioxidant capacity (Figure 7.14).  
We attribute this to both the higher concentration of cerium (III) in these nanocrystals and 
the increased stability of the cerium (IV).  The smallest particle has the greatest 
concentration of cerium (III) on the surface of nanoceria because of the increasing lattice 
expansion and the release of oxygen atoms.
24-25, 124a
 For example, we found that the 
cerium (III) concentrations from different diameter ceria samples were 43, 39 and 30 % 
from 3.8, 5.4, and 8.2 nm cerium oxide, respectively.
32b
 All of the various surface 
coatings showed similar trends: smaller nanocrystals had higher antioxidant capacities.  
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For example, PAAOA coated 3.8 nm CeO2 after treatment with excess H2O2 had Δλ of 
21  as compared to 8.2 nm diameter nanoceria having only Δλ of  7 nm.   
 
Figure 7.15 The magnitude of the red shift UV-Vis band of oleic acid and PMAO coated ceria 
nanocrystal suspension after H2O2 injection.  
10 μmol of H2O2 was injected in 2.78 μM of ceria nanocrystal suspension and the wavelength at 
optical density of 0.30 was measured as a function of time (min). Oleic acid coated CeO2 was 
saturated quickly with the higher red-shifted UV-Vis band as compared to PMAO coated one.    
In addition to the diameter of the nanocrystalline ceria, the surface coating also 
played a significant role in defining the reactivity of the material.  Specifically, when 
nanocrystals were coated with thicker polymers their antioxidant capacity diminished.  
Figure 7.14 shows the shift in the extents of H2O2 quenching capacity for four different 
polymer coating materials (oleic acid, PAAOA, PEI, and PMAO) for 3.8 nm diameter 
ceria cores. PAAOA coated nanoceria, as expected, had the largest red-shift 
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corresponding to the most reactivity towards hydrogen peroxide. The reactivity of other 
polymer coatings scaled well with their thickness as measured using dynamic light 
scattering (Figure 7.4).   We speculate that the very thinnest surface coatings present 
small kinetic barriers to the interfacial reaction between H2O2 and cerium (III), while 
thicker polymer molecules block surfaces from H2O2.  While we generally gave the 
system enough time to react so our observations would reflect equilibrium, we did 
observe that the thinnest surface coating (e.g. oleic acid on CeO2) became saturated 
within only 30 minutes as compared to the thicker polymer coated ceria (e.g. PMAO 
coated CeO2) which required 60 minutes (Figure 7.15).   
Absorption spectroscopy is an excellent method to compare relative quenching 
capacities among particles, but these data do not provide a benchmark against known 
anti-oxidant and radiation protection molecules already widely used.  For this purpose, 
we applied a standard test, the oxygen-radical absorbance capacity (ORAC) assay,
140
 to 
the best performing nanocrystalline ceria from the peroxide tests: nanocrystalline ceria 
with 3.8 nm core diameter coated with oleic acid.  This test monitors how the 
fluorescence from a Fluorescein salt persists in the presence of an antioxidant which 
scavenges reactive oxygen species (ROS) generated by the radical initiator, AAPH.  A 
fluorescence intensity that persists for a long time indicates a strong antioxidant.   
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Figure 7.16 Oxygen-radical absorbance capacity (ORAC) assay of oleic acid coated – (red), PMAO 
coated – (blue) nanoceria and Trolox (black).  
The concentration of cerium oxide nanocrystals (the number of nanocrystals in the suspension; see 
the experimental section) and Trolox (C14H18O4; mass of trolox was divided by the molar mass of 
250.29 g/mol) was 0.8 μM. Fluorescence was measured every minute for 6 hrs.   In order to 
characterize the percentage of the antioxidant capacity of given substances, the area under curve 
(AUC) was calculated from each graph and divided by the AUC of the blank sample (see the 
experimental section). 
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Figure 7.17 Antioxidant capacity of cerium oxide nanocrystals.  
The capacity was calculated from the equation mentioned from Lucio et al.143 The slopes of the trend 
lines from oleic acid coated- (red), PMAO coated- (blue), nanoceria and Trolox (black) are 616.02, 
95.76, and 73.24, respectively. All measurements were repeated three times. 
This ORAC assay revealed that the antioxidant capacity of oleic acid coated cerium 
oxide was 9 times higher than a water-soluble derivative of Vitamin E, Trolox (Figure 
7.17).  In this assay, all antioxidant samples (nanoceria and Trolox) were stored in PBS 
(pH   7) from 0.1 to 1 μ  and the fluorescence intensity was monitored after the 
injection of 45 mM of AAPH in every minute for 6 hours as shown in Figure 7.16. The 
thinnest surface coating (oleic acid) present on ceria nanocrystal allows more radical 
scavenging than the thickest polymer (PMAO) on the nanocrystal; PMAO coated 
nanoceria which has a very similar antioxidant capacity to Trolox.  Furthermore, the 
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nanoceria showed efficacy at sub micromolar concentrations in ceria, and even 
nanomolar conentrations with regards to the entire particles.  In comparison, standard 
concentrations of 1 to 10 micromolar vitamin E or single-walled carbon nanotubes are 
typically applied.
139-140, 143
  We also note that oleic acid coated ceria is non-toxic at these 
concentrations in an MTS assay using HDF cell line; LD50 is 1.8 μ  as shown in Figure 
7.18. These data suggest that the oleic acid coated nanoceria could be a potent antioxidant 
material with high radical scavenger capacity and low toxicity.  
All of the prior benchmarks for anti-oxidant capacity were completed outside of cell 
culture; to understand how the results translated in a cellular system we examined the 
ability of nanocrystalline ceria to protect cells from hydrogen peroxide.  We performed 
intracellular reactive oxygen species (ROS) measurements. In this measurement, a 
standard fluorescence dye molecule, Dihydrorhodamine 6G (DHR6G), was used for ROS 
analysis.  As a standard oxidant we employed hydrogen peroxide.  As peroxide levels, or 
associated ROS, increased in a cell DHR6G reacted with ROS and turned to Rhodamine 
6G (R6G). Therefore, the higher fluorescence intensity of R6G indicates the more 
oxidative stress.  To explore antioxidant capacity of cerium oxide nanocrystals toward 
H2O2 driven oxidative stress of fibroblasts, cells were cultured in the presence of cerium 
oxide nanocrystals at 37 
o
C for 1 day.  Relatively high nanocrystal exposures (100 ppm of 
cerium), close to the LD50 values, were employed (the LD50 value for 3.8 nm was 94.9 
ppm (1789.9 nM of nanocrystals); and for 8.2 nm cerium oxide nanocrystals, 87.7 ppm 
(87.2 nM of nanocrystals)) during the first exposure.  The higher concentrations over 
LD50 resulted in cell death. The cells were then washed, and the medium was then 
changed, and replaced with a fresh medium that contained a large 2 mM H2O2 dose.  In 
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this experimental scheme, only ceria nanocrystals that were internalized could be 
responsible for any observed protective effect.   
 
Figure 7.18 Cell viability of Human Dermal Fibroblast (HDF) cell line in the presence of 3.8 and 8.2 
nm coated cerium oxide nanocrystals coated with oleic acid.   
In the MTS analysis, HDF cells exhibited a decrease in viability as ceria nanocrystal concentration 
increased. A acute cell viability assay revealed that a LD50 value for 3.8 nm cerium oxide nanocrystals 
coated with oleic acid was 1.8 μ  (94.9 ppm), and for 8.2 nm cerium oxides, 87.2 nM (87.7 ppm). The 
ORAC assay using trolox and 3.8 nm cerium oxides in Figure 7 was treated under the concentration of 
1000 n  (0.1 , 0. , 0.8, and 1 μ ). 
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In all cases, prior exposure to cerium oxide nanocrystals led to a protective effect and 
less oxidative stress. Figure 7.19 shows the bar graphs of relative R6G fluorescence from 
the samples (untreated -, 3.8 nm cerium oxide -, 8.2 nm cerium oxide nanocrystal treated 
cells) as injected hydrogen peroxide increased. When fibroblasts were not treated with 
cerium oxides, oxidative stress increased up to 74 % when 2 mM of H2O2 was added. 
However, cerium oxide treated cells reduced oxidative stress of fibroblast cells (relative 
R6G fluorescence was -51 and -24 % from 3.8 and 8.2 nm cerium oxide treated cells, 
respectively.) In addition, significant reduction in oxidative stress occurred from 
fibroblasts treated with the smallest cerium oxide nanocrystals (3.8 nm) than the biggest 
cerium oxides (8.2 nm). The highest percentage of cerium (III) concentration from the 
smallest cerium oxide nanocrystal (43 % of Ce (III) from 3.8 nm cerium oxide) could 
scavenge ROS in the cells more effectively than the biggest cerium oxide nanocrystal (30 
% of Ce (III) from 8.2 nm cerium oxide). This ROS measurement assay shows that the 
oleic acid coated cerium oxide nanocrystals are of interest in biological application 
especially to scavenge reactive oxygen species. 
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Figure 7.19 Intracellular ROS measurement.  
Relative R6G fluorescence (%) was calculated by the equation mentioned in experimental details. 
Oxidative stress of fibroblasts (untreated, blue bars) increased as applied hydrogen peroxide amount 
increased. However, cerium oxide treated fibroblasts decreased oxidative stress of fibroblasts; 3.8 
nm cerium oxide (red bar) more effectively scavenge ROS than 8.2 nm cerium oxide (green bar) in 
the media.   
7.3.3. Recycling behavior of nanoscale ceria and its dependence on surface 
coating 
One finding from this work is that nanoparticles may be reused as antioxidants 
because cerium (IV) can in some cases slowly recycle back to cerium (III). Das et al. 
demonstrated this feasibility of the redox cycling of cerium ions using nanoceria prepared 
by co-precipitation method; the pale yellow solution formed after hydrogen peroxide 
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reaction passively returned to its original position in a matter of days.
31
(Figure 7.20 and 
Figure 7.21)  As is apparent, many of these samples can be used again and again 
presumably after native donors present in water have converted the cerium (IV) back to 
cerium (III).   
 
Figure 7.20 Antioxidant property of water-soluble nanoceria coated with bilayer surface structures. 
PAAOA, oleic acid (OA), and PMAO coated nanoceria in diameter of 3.8, 5.4, and 8.2 nm were utilized. 
All cerium oxide nanocrystal concentrations were 2.78 μM (Cerium (III) concentration on the surface 
of nanocrystal: 1 μmol) and 10 μmol of H2O2 was injected in every cycle. The wavelength (λ) of the 
red-shifted UV-Vis band was monitored at optical density of 0.30 abs as a function of time. UV band 
was recovered as time goes on and the additional injections of H2O2 gave rise to the red-shift, again. 
However, the multiple injections of H2O2 led to the reduction in quenching property (the extent of Δλ) 
of nanoceria suspension. 3.8 nm PMAO and oleic acid (OA) coated cerium oxide did not show any 
visible precipitate but the H2O2 quenching property decreased by multiple injection of H2O2.  PAAOA 
coated cerium oxide was precipitated after 3rd injection of H2O2 and 5.4 and 8.2 nm OA coated CeO2 
was precipitated after 4th addition of H2O2. PEI coated CeO2 was never recovered from the 1st 
injection of H2O2 and lost its colloidal stability (Figure 7.21). 
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Figure 7.21 Loss of colloidal stability of PEI coated 3.8 nm nanoceria after H2O2 injection.  
UV-Vis band was monitored over time. The red-shift UV-Vis band was not recovered to the control. 
The inset photograph showed precipitates at the bottom of the sample containing PEI coated 
nanoceria in 50 days after the injection of H2O2.   
However, after multiple uses nanoparticles can either exhibit reduced reactivity 
towards hydrogen peroxide, or they can precipitate out of solution. In the data in Figure 
7.20 this is shown with an arrow, after which no meaningful data could be collected.  
This phenomenon is analogous to a catalyst poisoning process. If particles are to be 
optimized for long-term redox cycling stability the factors that improve the ability to 
recycle the material must be identified.  To compare across these materials, we calculated 
for these samples the total number of moles of peroxide per mole of cerium (III) (note: 
not per mole of nanocrystals) that could be reacted with the particles without resulting in 
precipitation.     
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From the perspective of multiple redox cycling, oleic acid coated nanoceria had the 
longest lifetime; oleic acid coated ceria did not lose its colloidal stability even after 
eighteen injections of H2O2 over six months (10 μmol of H2O2 injection per cycle, 18 
cycles) for 6 months (Figure 7.20).   This material can react with twenty times more 
peroxide for 18 cycles; CeO2 suspension under the multiple H2O2 injections showed 21.6 
μmol of H2O2 decomposition for 18 cycles based on the results from GC-MS and UV-Vis 
in Figure 7.11. We speculate that oleic acid not only forms the hydrophilic 2nd layer by 
hydrophobic-hydrophobic interaction with 18-carbon chain on oleylamine, but also 
makes the 1st layer more compact by the stronger interaction between oleic acid and 
ceria.
3a
  While very thin bilayer coating structures (oleic acid) resulted in the best 
antioxidant property with great colloidal stability, multiple injections of H2O2 gradually 
reduced the extent of the antioxidant property; after 18 cycles of the redox reaction, oleic 
acid coated nanoceria lose almost 90 % of the antioxidant property as compared to the 1st 
redox cycling.  The surface coating may react with H2O2 with the introduction of the 
excess amount of H2O2, yield nanocrystal aggregates and decrease the antioxidant 
property. 
149
 (Figure 7.22) 
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Figure 7.22 Antioxidant capacity of ceria nanocrystal suspension (2.78 μM of nanocrystal 
concentration: 1 μmol of cerium (III) concentration) depending on different amount of H2O2 
injections for 18 cycles.  
The excess H2O2 (black line) led to the decrease in the magnitude of the red shift of UV-Vis band from 
the control (Δλ) but the same (red line) and lower (blue line) amount of H2O2 injection than cerium 
(III) showed the consistency of the antioxidant capacity without loosing the colloidal stability.   
7.4. Conclusion  
Monodisperse cerium oxide nanocrystals were synthesized with uniform diameters by 
the high temperature decomposition of cerium precursors in organic media. The resulting 
nanocrystals were phase transferred to water via a bilayer method using amphiphilic 
polymers (polyacrylic acid, oleic acid, and polymaleicanhydride-alt-1-octadecene) as 
well as a ligand exchange route by the addition of polyethylene imine. In the quantitative 
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analysis, the evolved O2 and the remaining H2O2 concentration in the process of H2O2 
quenching in nanoceria solution were monitored using GC-MS and luminol test; the ratio 
of the reacted H2O2 : cerium (III) : O2 was almost 2 : 1 : 1. These illustrated that 
colloidally stable oleic acid coated cerium oxide could quench H2O2 molecules through 
more likely Fenton-like reaction. The antioxidant capacity of ceria depends on cerium 
(III) concentration and the polymer shell thickness; 43 % cerium (III) formed by 3.8 nm 
cerium oxide nanocrystal coated with thinner surface stabilizer (such as, polyacrylic acid 
or oleic acid) quenches more H2O2 molecules than 30 % cerium (III) from 8.2 nm 
nanoceria covered with thicker polymer (polyethylene imine or polymaleicanhydride-alt-
1-octadecene). In the ORAC assay, the antioxidant capacity of the thinnest surface coated 
nanoceria (3.8 nm CeO2 coated with oleic acid) was found to have 9 times higher than 
that of the thickest polymer coated nanoceria (PMAO coated CeO2) and Trolox in 
oxygen-radical absorbance capacity (ORAC) assay. Furthermore, these nanocrystals 
reduced oxidative stress of HDF cells. In the long term redox cycling, the oleic acid 
coated CeO2 has the best colloidal stability in the presence of H2O2; the material showed 
good H2O2 quenching as well as recovery of cerium (III) after multiple injections of 
H2O2. That is, the recovered water-soluble nanoceria can be reusable without loss of 
colloidal stability. Based on our data, the oleic acid coated nanoceria may be a potential 
antioxidant with a high radical scavenger capacity.  
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Conclusion 
I have shown here that monodisperse iron oxide and cerium oxide nanocrystals 
are synthesized under high temperature metal precursor decomposition. The 
morphology of nanocrystals is transformed by various metal precursors, reaction 
temperature, time, cosurfactants, and molar ratio between metal salt and surfactant. 
To benchmark iron oxide and cerium oxide nanocrystals, I have examined high 
percentage of single walled CNT growth using iron oxide nanocrystals and 
antioxidant capacity of cerium oxide nanocrystals.  
Vertically aligned CNT carpets with high quality were grown by iron oxide and 
aluminum ferrite nanocrystals. CNT carpet growth rates using these pre-
synthesized aluminum ferrite and iron oxide nanocrystals were 10 times faster for 
the ferrites than for pure iron oxides. Furthermore, the highest percentage (60%) of 
single walled nanotube was formed from the smallest aluminum ferrite nanocrystals 
(4.0 nm). These data illustrate that aluminum in an iron oxide nanocrystal not only 
prevents catalyst poisoning, but slows the decomposition of the carbon source (acetylene) 
in the CNT growth process, leading to less amorphous carbon.   
Finally, I demonstrated antioxidant capacity of cerium oxide nanocrystals. The 
surface passivation chemistry and cerium (III) content of nanocrystals can greatly 
influence their antioxidant properties. In the mechanistic study supported by 
colorimetric assay, GC-MS, and luminol test, cerium (III) is found to react with H2O2 
with the ratio of 1:2 via Fenton-type mechanism. Furthermore, antioxidant capacity 
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of cerium oxide was 9 times higher than Trolox. These data suggest that 
appropriately derivatized cerium oxide could serve as a scavenger for radical 
species in biological media. 
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